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Abstract
Work function tuning at organic/electrode interfaces is of principal im-
portance for the efficient operation of organic electronic devices, as it
allows for the minimisation of charge injection barriers formed at such
interfaces. In this thesis, the work function of graphene, a promising
electrode for (opto)electronic devices was modified by adsorption of air-
stable conjugated organic molecules (COMs) that act as strong molecular
acceptors or donors. The valence and core level properties, together
with the work function modification of the vacuum-deposited COMs
on graphene were investigated with photoelectron spectroscopy (PES),
while the orientation of COMs was studied with near edge X-ray fine
structure spectroscopy (NEXAFS). The work function of graphene-on-
quartz (G/Qu) is modified up to 5.7 eV and down to 3 eV as a result of
charge transfer (CT) occurring right at the interface, which does not in-
voke covalent bond formation between the molecular monolayer and the
graphene. In addition to the CT, in the case of the molecular acceptor
hexaazatriphenylene-hexacarbonitrile (HATCN), the work function in-
crease proceeded via a density-dependent re-orientation of the molecule
in the monolayer regime. For all the other tested molecular acceptors
(donors) deposited on graphene-on-quartz, the CT was observed to in-
duce positive (negative) surface CT doping of the graphene layer, leading
to a work function increase (decrease) and was disentangled into two con-
tributions: (a) shift of the Vacuum level due to the formation of an interface
dipole at the COM/graphene interface and (b) shift of the Fermi level of
the graphene due to the surface CT doping. Additionally, the molecu-
lar acceptor hexafluoro-tetracyanonapththoquinodimethane (F6TCNNQ)
was deposited on both G/Qu and graphene-on-copper, where the CT was
found to originate from graphene and copper support respectively. The
findings were supported by density functional theory calculations and
significantly add to a fundamental understanding of graphene/COM in-
terfaces.
Keywords: organic/graphene interfaces, work function, photoelectron
spectroscopy, molecular orientation
Zussamenfassung
Die Austrittsarbeitsanpassung an Organik/Elektrode-Grenzfla¨chen ist
von entscheidener Bedeutung fu¨r den effizienten Betrieb von Bauteilen
der organischer Elektronik, da diese die Minimierung von Ladungstra¨ger-
injektionsbarrieren an solchen Grenzfla¨chen ermo¨glicht. In dieser Ar-
beit wurde die Austrittsarbeit von Graphen, einer vielversprechenden
Elektrodenmaterial fu¨r (opto)- elektronische Bauteile, durch die Adsorp-
tion von luftbesta¨ndigen konjugierten organischen Moleku¨len (KOMs),
welche als Akzeptoren und Donatoren fungieren, modifiziert. Die Eigen-
schaften der Valenz- und Rumpfniveaus sowie die Austrittsarbeitsmod-
ifikation der vakuumverdampften KOMs wurden mit Photoelektronen-
spektroskopie (PES) untersucht, wa¨hrend die Orientierung der KOMs mit
Ro¨ntgen-Nahkanten-Absorptions-Spektroskopie (NEXAFS) aufgekla¨rt
wurde. Die Austrittsarbeit von Graphene auf Quartz (G/Qu) la¨sst sich
auf maximal 5.7 eV und minimal 3 eV anpassen, welches aus einem
Ladungstransfer direkt an der Grenzfla¨che resultiert, der keine Ausbil-
dung von kovalenten Bindungen zwischen der molekularen Monolage
und dem Graphen beinhaltet. Zudem, fu¨r den starken molekularen
Akzeptor Hexaazatriphenylen-Hexacarbonitril (HATCN) verla¨uft die
Austrittsarbeitserho¨hung u¨ber eine Orientierungsa¨nderung der Moleku¨le
im Monolagenbereich. Fu¨r alle anderen auf G/Qu abgeschiedenen Akzep-
toren (Donatoren) wurde beobachtet, dass der Ladungstransfer eine
positive (negative) Oberfla¨chen- ladungsdotierung der Graphen-Schicht
bewirkt, welches in einer Austrittsarbeitserho¨hung (-erniedrigung) re-
sultiert. Letztere ließ sich jeweils in zwei Beitra¨ge zerlegen: (a) Ver-
schiebung des Vakuumniveaus durch einen Grenzfla¨chendipol an der
KOM/Graphen-Grenzflche und (b) Verschiebung des Fermi-Niveaus
durch Oberfla¨chenladungstransferdotierung der Graphen-Schicht. Weit-
erhin wurde der molekulare Akzeptor Hexafluoro-tetracyano napththo-
quinodimethan (F6TCNNQ) sowohl auf G/Qu als auch auf Graphen auf
Kupfer abgeschieden, wobei sich herausstellte, dass der Ladungstrans-
fer im ersteren Fall vom Graphen stammt, und im letzteren von der
Kupferunterlage. Die Ergebnisse werden von Dichtefunktionaltheo-
rieberechnungen gestu¨tzt und tragen erheblich zum Versta¨ndnis von
Graphen/KOM-Grenzfla¨chen bei.
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A full decade has passed since the isolation of the first single layer
graphene sheet [1–4]. Since then, several multidisciplinary research
groups have made a lot of effort in order to study graphene with all
possible experimental and theoretical methods. This comes to no surprise,
since the discovery of graphene’s two-dimensional atomically thick car-
bon atom network, arranged in a honeycomb lattice, manifests remarkable
electronic, mechanical, optical and thermal properties. A small sample of
the extraordinary properties of graphene include: ambipolar field effect
[2], superior mechanical strength [5], high transparency [6, 7] and high
thermal conductivity [8]. Graphene has already been used in a plethora
of (opto)electronic devices, e.g., organic light emitting diodes (OLEDs)
[9], sensors [10], batteries [11], solar cells [12], touchscreens [13]. Thus,
this material opened pathways not only for studying fundamental new
physics, but it also paved the way towards a new marketplace. One of
the most promising uses of graphene is as transparent, highly conducting
electrode. This is an essential part of (opto)electronic devices since they
are used as one of the end points of the devices, that are responsible for
extracting or injecting charges. Up to now, the ”market standard” for
(opto)electronic devices has been indium tin oxide (ITO), because of its
high transparency, low sheet resistance, and favourable work function
(Φ) [14, 15]. Its use over the past years, however, has been increasingly
problematic for several reasons: it requires a complicated processing, it
has a high surface area roughness and it is brittle, all of these limiting
its incorporation into flexible devices. Furthermore, the element indium
which makes up typically 90% of the ITO per weight is increasing in cost
because of its low abundance.
This is the main motivation for the current work. A lot of effort has
been put into finding suitable replacements for ITO as a transparent elec-
trode. Different materials came up, such as conductive polymers, e,g,
poly(3,4-ethylenedioxythipohene):poly(styrenesulfonate - PEDOT:PSS)[16]
and carbon nanotubes (CNTs) [17]. These materials exhibit limitations,
2such as thermal degradation in the case of PEDOT:PSS [18] and high resis-
tance between CNTs [19] that prevented them to be competitive enough as
a realistic replacement in transparent and flexible (opto)electronic devices.
Thus, the search for new kinds of materials lead to the investigation of
graphene as conducting and transparent electrode. The boost in graphene
research, and especially methods for producing large graphene sheets, en-
abled graphene to become a promising candidate for a technologically vi-
able transparent electrode. This was promoted by chemical vapor deposi-
tion (CVD) synthesis of graphene, that has been proven to provide techno-
logically relevant graphene sheets that are highly crystalline [13, 20] and
can be easily transferred to any substrate of interest [21].
However, graphene has only limited value as a standalone material. It
needs to be functionalised with other nanomaterials or molecules in or-
der to tune its energy levels, such as the work function in order to match
the energy levels of commonly used organic semiconductors (OSCs) in,
e.g., organic photovoltaic cells (OPVCs) or OLEDs and thus reducing the
energy barriers formed at the interfaces.
One very efficient way to tailor the work function of electrodes and
consequently improve the device performance by achieving low-energy
charge injection barriers is to use an interlayer of COMs with the property
of accepting or donating electrons [22].
The graphene/COM systems presented in this work were mainly stud-
ied by means of ultraviolet - and X- ray photoelectron spectroscopies (UPS
and XPS, respectively) for electronic characterisation and near edge X-ray
absorption fine structure spectroscopy (NEXAFS) in order to gain insight
into the orientation of the COM when adsorbed on graphene.
Furthermore, most of the experiments were done in combination with
theoretical modelling using density functional theory (DFT) to gain insight
into the relevant processes and in turn to explain the experimental find-
ings. The theoretical work was done by the group of Dr. David Beljonne
and Prof. Luca Pasquali.
This thesis is outlined as follows: Chapter 2 gives an introduction into
graphene and organic solid state physics. Chapter 3 describes the princi-
ples of experimental methods used and Chapter 4 presents the materials
used, the experimental setups, together with details about the data analy-
sis performed.
3Chapter 5 is the main part of this work. Here, the experimental results
are presented, in parallel to a discussion concerning the theoretical results
performed by our collaborators.
Sec. 5.1 discusses the preparation and characterisation of graphene-on-
quartz (G/Qu) before and after annealing in ultrahigh vacuum (UHV).
Sec. 5.2 discusses the functionalisation of graphene-on-quartz by pre-
covering it with the acceptor molecule hexaazatriphenylene-hexacarbonitrile
(HATCN). In this study, a work function increase of G/Qu up to 1.2 eV
was observed and was attributed to a charge transfer (CT) invoking the
substrate and the first monolayer of the molecular acceptor. Additionally,
NEXAFS was performed in order to explain the sub-linear Φ increase ob-
served, as evidenced by the molecular density dependent re-orientation
of the COM within the first monolayer. HATCN was also deposited on
graphene-on-copper (G/Cu), showing similar results.
Graphene was also functionalised using the molecular acceptor hexafluoro-
tetracyanonapththoquinodimethane (F6TCNNQ) and the results are pre-
sented in Sec. 5.3. F6TCNNQ was also deposited on both G/Qu and G/Cu
in order to investigate variations arising from the different graphene sup-
port. An abrupt work function increase of 1 eV (G/Qu) and 1.3 eV (G/Cu)
was observed both experimentally and theoretically. It was found that
the CT occurs between graphene and COM in the case of G/Qu, whereas,
in the case of G/Cu the CT invokes the deposited COM and the copper
support. The work function change could be disentangled into two contri-
butions: shift of the Fermi level (EF ) of graphene with respect to the Dirac
point due to surface CT doping and interface dipole (ID) formation shift-
ing the vacuum level (Evac). Using XPS, the CT was verified by examining
the N 1s emissions. NEXAFS was performed for the G/Qu pre-covered
with F6TCNNQ, showing that the molecule is flat lying regardless the
molecular density in the monolayer.
Finally in Sec. 5.4, the functionalisation of G/Qu with two novel dimer
molecular donors was studied. In this case, a substantial work function
decrease of 1.4 eV was observed for pentamethyl-rhodocene ([RhCp*Cp]2)
and 1.2 eV for pentamethyl-cyclopentadienyl-trialkylbenzene-ruthenium
([RuCp*mes]2). This work function decrease was explained via CT be-
tween the molecular donors and graphene, after the dimers in contact with
graphene were turned into monomeric cations, donating one electron from
4the metal core to graphene, thus n-doping the graphene layer.
The results are summarised in Chapter 6, while an outlook is pro-
posed based on the experimental and theoretical knowledge obtained in
this work.
This study comes in a very appropriate time in the graphene research.
It offers viable ways to dope the graphene layer and tune its work func-
tion in a non-destructive and non-covalent manner so that the perturba-
tion caused to the desired electronic properties of graphene is kept to the
minimum. Furthermore, it presents a novel air stable organic molecule
together with a technologically relevant substrate (CVD graphene-on-
quartz), that could be used in the technological sector to scale up the pro-
cess of manipulating the electronic properties of graphene using molecular
functionalisation.
2 Fundamentals
In this chapter, the motivation for performing the work in this thesis is
explicated by highlighting the background regarding the electronic struc-
ture, the production and the functionalisation of graphene. Furthermore,
a brief description of COMs and their affinity with organic electronic de-
vices is given together with a summary of energetics at interfaces of elec-
trodes, work function tuning and growth modes of thin films.
2.1 Graphene
In this section, some of the electronic properties of graphene that make
this material particular are outlined. In addition, a small review of the
methods of graphene synthesis is provided. Finally, methods for function-
alising graphene covalently and non-covalently are presented.
2.1.1 Electronic structure
The electronic band structure of a material allows for describing its phys-
ical properties, e.g., electrical resistivity and optical absorption. Further-
more, it is crucial for understanding the operation principles of related
solid-state devices, such as transistors, light emitting diodes and solar
cells.
The hybridisation of the two dimensional network of carbon atoms in
graphene is key in its resulting electronic properties. A single carbon atom
contains a total of six electrons and exhibits the electronic configuration
1s2, 2s2, 2p2. The electrons in the 1s orbitals are the core-level electrons
that are not involved in bond formation, while the ones in the 2s and 2p or-
bitals are the valence electrons and are involved in bond formation. These
valence electrons can hybridise (share electrons) in three ways, such that
the carbon atom can have two, three or four adjacent atoms available for
bond formation, with the electrons forming the hybrid orbitals sp, sp2 and
sp3, respectively.
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Figure 2.1: Schematic illustration showing the pz orbitals perpendicular to the
plane of graphene and the σ bonds between neighbouring sp2 carbon atoms. Fig-
ure adapted from [23].
The carbon atoms in graphene are sp2 hybridised, i.e., they have three
in-plane neighbours that each form a σ bond, as shown in Fig. 2.1. These
bonds are of covalent character and the resulting crystal structure is planar
hexagonal, as shown in Fig. 2.2a. The formation of the σ bonds leaves out
one 2p orbital (2pz) perpendicular to the graphene plane, which does not
participate in the bond formation. The adjacent 2pz orbitals weakly inter-
act to form the pi band of graphene that contains the delocalised valence
electrons. As it follows from theoretical calculations, the electrons in this
band mimic relativistic particles, behaving as massless Dirac fermions and
are responsible for the excellent conductivity of graphene [2].
Figure 2.2: (a) The hexagonal honeycomb lattice of graphene in real space,
formed by the carbon atoms in the two sublattices A and B, with the blue atom in
sublattice A and orange atom in sublattice B. di represent the nearest neighbour
carbon atoms, with the distance being 1.42 A˚. The unit cell is formed by the lattice
vectors a1 and a2. (b) Reciprocal lattice of graphene with the two reciprocal lattice
vectors bi. Γ, K, M are high symmetry points. Figure adapted from [24].
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The nearest distance between carbon atoms in graphene is 1.42 A˚, with


















The lattice parameter is given by a=|a1|=|a2|=1.42
√
3 A˚ = 2.46 A˚ and the


















The points K and K’, or Dirac points, in Fig. 2.2b, that are located at the
corners of the Brillouin zone are very important for the specific physical





































, d3 = −a (1, 0) . (2.4)
The tight binding Hamiltonian for electrons in graphene, wherein only
electrons that can hop to nearest-neighbour and next-nearest-neighbour
atoms are taken into account [24, 25], yields the following energy disper-
sion relation as a function of the wavevector k:
E± (k) = ± ~t
√
3 + f (k)− ~t′f (k) , (2.5)
with:

















The positive and negative signs describe the pi and pi∗ bands that cor-
respond to the dispersion of the bonding and anti-bonding molecular or-
bitals, constructed from the pz atomic orbitals on the carbon atoms. The
value t is the nearest-neighbour hopping energy (i.e., hopping between
carbon atoms at different sublattices) and t′ is the next-nearest hoping en-
ergy [24]. When the value of t’ is 0, then electron-hole symmetry exists and
the pi and pi∗ bands become symmetric.
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Close to the Dirac points, the energy dispersion is obtained by expand-
ing eq. (2.5). Using k = K+q, with q the momentum measured relative to
the Dirac points and |q|  |K|:
E±(q) = ± ~uF |q| , (2.7)
when considering only the first term in the expansion.
The term uF represents the Fermi velocity that is determined theoreti-
cally by uF = 3ta/2 [24]. Taking the nearest hopping energy t as ≈ 2.8 eV,
as found by calculations, then the Fermi velocity becomes uF ≈ 106ms−1
[25].
This result for the energy dispersion in eq. 2.7 is very different to the
usual case as in e.g., inorganic semiconductors, where E(q) = q2/(2m)
with m being the electron mass. The discrepancy lies in the fact that uF
does not depend on the energy or the momentum as in the usual case
where u = k/m =
√
2E/m and the velocity changes significantly with en-
ergy. The energy dispersion as given in eq. (2.7) imitates the one that
ultrarelativistic particles follow, which is described by the Dirac equation
that is also used to describe the energy dispersion of photons [24].






In Fig. 2.3a the resulting band structure of graphene is plotted in 3D for
the first Brillouin zone. The occupied pi and unoccupied pi∗ bands intersect
at the K and K’ points, which are the corners of the unit cell of graphene in
reciprocal space and the energy dispersion close to these points is linear,
as shown in the zoom close to the K point, in Fig. 2.3b.
In summary, the linear energy dispersion of pi and pi∗ bands near the
Dirac points make the electrons in graphene behave as ultrarelativistic
particles travelling with uF through the graphene sheet and the transport
in graphene is mainly by hopping of electrons from one sublattice to the
other [26]. The vanishing density of states near the K points leads to mo-
bility of charge carriers surpassing the mobilities observed in silicon [1, 2]
and graphene exhibits ballistic charge carrier transport with a high mean
free path [2, 27].
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Figure 2.3: (a) The graphene 3D Brillouin zone showing the pi and pi∗ bands.
The plot was generated using the software MATHEMATICA. (b) Zoom in the
K-points, showing the linear intersection of pi and pi∗ bands.
2.1.2 Methods of graphene production
Since the isolation of the first graphene sheet using the continuous cleav-
age of graphite using scotch tape, a diversity of methods for producing
graphene were developed. The method for producing graphene with the
best structural and electronical properties is the mechanical cleavage of
highly oriented pyrolitic graphite (HOPG) as it produces graphene flakes
with high structural integrity [1]. This graphene is commonly used for
fundamental studies, as it has a very low percentage of structural defects.
However, the problem of uncontrollable flake size and thickness makes the
process of producing such graphene flakes a practically random process.
Furthermore, the flake sizes are of the order of micro- to millimetres, in-
hibiting the study of these samples with conventional photoelectron spec-
troscopy, for which samples of the order of centimetres are required.
A variety of methods have been developed during the past decade to
tackle the problem of scalability and produce large graphene sheets [4]
in order to render graphene commercially and technologically relevant.
Some of these methods are: (a) liquid-phase exfoliation from graphite [28–
30], (b) synthesis on silicon carbide (SiC) [31, 32] and (c) CVD synthesis of
graphene [13, 21].
Liquid exfoliation of graphite is a method that has been developed
for making the graphene production controllable and scale up the area
of graphene layers on several substrates [28, 29, 33–35]. However, this
method has been shown to introduce disorder in the graphene network
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[36, 37]. Other methods, such as annealing of SiC(0001) at elevated tem-
peratures as to produce the graphene network on top of the SiC wafer
[32, 38] were intensively studied, but this method is relatively expensive
due to the high cost of the SiC wafer and the high temperatures needed
for the graphene production.
The graphene sheets used in this work are produced by chemical va-
por deposition (CVD) on copper foil substrate [20]. This method is readily
accessible and can provide high quality graphenes, also on a variety of
transition metal substrates, such as nickel (Ni) [39], palladium (Pd) [40],
ruthenium (Ru) [41], iridium (Ir)[42]. CVD production of graphene on
copper has been proven to provide technologically relevant large areas
of polycrystalline graphene sheets (up to 30 inches) with good quality
[13, 20]. The process of production of graphene on copper foil is illustrated
in Fig. 2.4. The procedure starts with nucleation of the carbon network on
the Cu, resulting into polycrystalline graphene. Catalysis by metals such
as copper is facilitated due to the ability of such metals to drive a reac-
tion of low energy pathways by an easy change of oxidation state or via
the formation of intermediate species [43]. In contrast to other transition
metals, Cu has the 3d shell filled, leading to the lowest affinity to form
carbide phases with carbon and very low carbon solubility compared to,
e.g., Co and Ni [44]. Consequently, the Cu4s states in copper can only
weakly interact via charge transfer with the sp2 hybridised carbon atoms
in graphene [45], making it very suitable as a catalyst for the formation of
graphitic carbon.
The transfer of the graphene sheet from Cu to other substrates of in-
terest usually leads to some defects in the graphene network, however,
without hindering the potential of such graphene to be used in certain or-
ganic electronic devices, e.g., OPVCs, OLEDs or touchscreens. The trans-
fer is facilitated with the use of polymer supports that are spin-coated on
top of the graphene sheet [21]. Polymethyl-acrylate (PMMA) has been ex-
perimentally observed to produce the lower number of cracks and defects
when used as a support, thus it is the most commonly used polymer for
performing the transfer of the graphene sheets to various substrates of
choice.
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Figure 2.4: Schematic illustration of the graphene growth on copper using chem-
ical vapour deposition (CVD). (a) Nucleation of graphene islands upon exposure
to CH4/H2 atmosphere at 1000 ◦C and (b) the increase of the graphene islands
with different lattice orientations leading to the polycrystalline graphene sheet.
The lines represent domains on the polycrystalline copper foil.
2.1.3 Molecular functionalisation of graphene
This section outlines approaches that have been already used to covalently
or non-covalently functionalise graphene. The choice between these two
ways of functionalising graphene can strongly depend on the desired ap-
plication.
Covalent functionalisation/chemisorption
Covalent functionalisation can be used for e.g., improving the solubility
of graphene, opening of a band gap and conductivity- or work function-
tuning of the graphene sheet [46, 47].
Graphene is chemically inert when compared to other species such as
metals and it has been shown to protect metal surfaces from oxidation
when used as a coating layer [48]. However, since the sp2-hybridised car-
bon atoms in graphene are chemically unsaturated, under specific chemi-
cal treatments, they can covalently bond to other species.
Hydrogenation of graphene can lead to the attachment of hydrogen
atoms along the carbon network, forming the so called graphane. This
graphene-derived material exhibits a band gap, making it semiconduct-
ing [47, 49]. Fluorination is a way to attach fluorine atoms onto the carbon
atoms of graphene, turning it into fluorographene. It has been proven to
be a very effective way to manipulate the electronic properties, by open-
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ing a band gap of 3 eV, and thus, turning the graphene from conductive
to insulating. Moreover, this process leaves the mechanical strength of the
graphene intact [50, 51]. Sulfonation is a method to attach -SO3 groups [52]
and ammonia or nitrogen treatment can be used to create amino (NH2)
groups [53] along the carbon network. Fig. 2.5 shows the covalent attach-
ment of various other functional groups into the graphene network.
Figure 2.5: Schematic illustration of graphene covalently functionalised with dif-
ferent ligands. Figure adapted from [46].
Furthermore, a derivative of graphene, namely graphene oxide (GO)
(Fig. 2.6) and reduced graphene oxide (rGO) include in their structures
various oxygenated species such as carbonyl, epoxy and hydroxyl groups
that are created during the oxidation of graphite. These groups facilitate
molecular functionalisation and can be used to attach long chains to the
GO, making it soluble in commonly used solvents such as tetrahydro-
furan (THF), carbon-tetrachloride (CCl4), etc [54]. Many such methods
have been realised in the last decade to transform the hydrophobic nature
of graphene or graphene oxide into hydrophilic by attaching various hy-
drophilic groups onto the basal plane of graphene.
Figure 2.6: Schematic illustration of graphene oxide showing the various oxy-
genated species in the carbon network. Figure adapted from [46].
Summarizing, covalent functionalisation can be exploited to tailor the
electronic and chemical properties of graphene. This comes entangled
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with the disadvantage that the intrinsic electronic structure and thus, the
physical properties of graphene get disrupted since covalent functional-
isation causes a high perturbation to the electronic structure by convert-
ing the sp2-hybridised carbon atoms to sp3-hybridised ones. A further
and major disadvantage is that it significantly decreases the charge carrier
mobility in graphene [55], rendering this method inappropriate for this
work, as the aim is the molecular functionalisation of graphene to produce
highly conductive transparent electrodes.
Non-covalent functionalisation/physisorption
As an alternative to covalent functionalization, a very versatile method
for functionalising graphene without disrupting the sp2 network of car-
bon atoms [46] can be facilitated by using COMs that are electronically
coupled with graphene via their aromatic network. Since the synthesis of
such COMs gained tremendous attention in the past decades, nowadays,
organic molecules can by synthesized according to the functionalisation
one needs to achieve.
Applications of graphene functionalisation using COMs include:
1. Non-destructive surface doping using molecular adsorbates with ei-
ther high electron affinity (EA) or low ionization energy (IE) that
results in the effective tuning of the charge carrier type [56]. Such
functionalisation can be utilized to produce a suitable replacement
for the commonly used indium tin oxide (ITO) as a transparent, flex-
ible and highly conductive electrode in organic (opto)electronic de-
vices. In this way, one can engineer the energy levels of graphene
as to tune the energy level alignment (ELA) at the hybrid interface
between graphene and organic semiconductors. This surface dop-
ing can further increase the conductivity of the electrode without a
major effect in the transparency of graphene, as to produce highly
conductive transparent graphene/molecular electrodes.
2. Band-gap opening in graphene using the Bernal stacked bilayer
graphene to increase the ON/OFF ratio for field effect transistor
(FET) applications [57].
3. Functionalisation of graphene to produce molecular sensors [58, 59].
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Conjugated organic materials can be used in order to increase the
sensitivity and the selectivity of the graphene-based sensor using
specifically designed molecules with double functionality: One end
acts as a linker between the molecule and the graphene and the other
can be a functional group suitably chosen to selectively target chem-
ical or biological species.
Figure 2.7: Schematic illustration of non-covalent functionalisation of graphene
using conjugated organic molecules (COMs).
The aim of this work is the design of hybrid organic/graphene trans-
parent and conductive electrodes. Therefore, mainly non-covalent func-
tionalisation of graphene by organic molecules adsorbed on the surface
as shown in Fig. 2.7 is considered, as to tune the energy levels in order
to match the energy levels of commonly used organic semiconductors as
transport materials in OLEDs, OPVCs etc.
2.2 Conjugated organic molecules
Organic molecules with predominantly alternating single and multiple
bonds are said to be conjugated. As a result of this conjugation, their pz
orbitals form a delocalised electron network by forming pi bonds. This con-
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jugation in general leads to reduction in the overall energy of the system
and increase in their stability.
COMs form closed shell systems, that lead to rather weak intermolec-
ular interactions. Van der Waals forces are the principal forces governing
intermolecular interactions in organic molecules. This additionally leads
to low density of free charge carriers, being delocalised over the molecular
structure [60], with their mean free path of the order of the intermolecu-
lar distances, i.e., the charge carrier mobility is typically low compared to
metals or inorganic semiconductors.
Benzene is an example of the simplest pi conjugated system, consisting
of a single aromatic ring. Fig. 2.8a schematically shows the pz orbitals per-
pendicular to the plane of benzene, while Fig. 2.8b illustrates the extended
pi network formed over the benzene structure as a result of delocalisation
of the electrons in these orbitals due to the conjugation.
Figure 2.8: Benzene molecule showing a) the pz orbitals and b) the extended pi
electron system across the aromatic ring.
The resulting molecular orbitals formed by COMs are occupied by elec-
trons up to the highest occupied molecular orbital (HOMO) which is sep-
arated by an energy gap EG,gas from the lowest unoccupied molecular or-
bital (LUMO). The HOMO and LUMO orbitals, also called frontier energy
levels of the COM, are of particular interest, since they are mainly involved
in interactions. The energy level diagram in Fig. 2.9 shows the vertical ion-
isation energy (IEgas) and electron affinity (EAgas) of a molecule in the gas
phase. IEgas corresponds to the energy required to be given to an electron
to be removed from the HOMO of the neutral molecule in gas phase and
be brought to Evac. EAgas is the energy that is gained when an electron
is brought from Evac into the LUMO of the system. The Evac, is the refer-
ence energy level, which is defined as the energy level that an electron can
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escape from the atom [61].
In the presence of free charge carriers transporting through an OSC
in a molecular solid, their surrounding ions move from their equilibrium
positions to effectively screen the charge of the moving free charge car-
riers. Therefore, the electron and phonon cloud surrounding them gets
polarised, leading to the formation of the so-called polaron energy levels,
that are depicted simplistically in Fig. 2.9b. The free charge carrier together
with the polarisation cloud is called a polaron. Polarisation effects have to
be taken into consideration for the description of transport levels, that are
the important energy levels when describing charge injection at an inter-
face. In the case of a condensed molecular solid, the IE and EA are altered
by the positive or negative polarisation energy.
The positive polarisation energy, E(P+), is given by [62]:
E(P+) = IEgas − IEcon , (2.9)
and the negative polarisation energy, E(P-), is given by:
E(P−) = EAcon − EAgas , (2.10)
with IEcon and EAcon being the ionization energy and electron affinity of
the molecular solid.
Figure 2.9: Schematic illustration showing the ionisation and affinity levels of
a) an isolated singly ionised molecule in the gas phase. The ionisation energy
(IEgas), electron affinity (EAgas) and the energy gap (EG,gas) are shown. b) When
the molecule is ionized in a condensed film, the energy levels are altered to IEcon,
IEcon and the energy gap represents the transport gap, EG,transport.
Strong electron acceptors or donors, are COMs of particular interest.
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Their synthesis involves the chemical attachment of specific functional
groups in order to induce strong electron affinity or low ionization en-
ergy. These COMs often undergo a (partial) charge transfer once they
come into contact with electrodes, readily forming interface dipoles by
causing a charge redistribution at the interface, resulting to the increase
or decrease of the work function of the system [63–67]. Such COMs have
been used also to cause binary organic-organic charge-transfer complexes
and act as dopants [68, 69].
2.3 Organic electronics
Organic semiconductors have attracted enormous research attention due
to their great potential in realising the field of organic electronics. The
OSCs, that are commonly conjugated organic molecules, are the active
materials in these devices. Some of their advantages over their inorganic
counterparts include their light weight, mechanical flexibility, chemical di-
versity and easy and cheap processing. In Fig. 2.10 two already realised
and marketable organic devices are shown, namely: (a) OPVC and (b)
OLED.
The operation principle of the OPVC in Fig. 2.10a is to use a molec-
ular electron acceptor and a molecular electron donor to form a planar
heterojunction. When light with energy hν enters the device, the organic
layer will absorb the light, causing electrons to be excited into the LUMO
and holes to stay behind in the HOMO, forming excitons, as indicated in
Fig. 2.10a. The organic materials are chosen in such a way to have the cor-
rect IE and EA for generating a potential drop at the interface, that will
in turn separate the electron/hole pair. Subsequently, the generated holes
will be transported through the HOMO of the acceptor into the anode,
whereas the generated electrons will be transported through the LUMO
of the donor into the cathode and will get ejected. Apparently, a precise
control of the ELA at the interfaces is crucial for the efficient operation of
such a solar cell.
For the OLED in Fig. 2.10b, an electroluminescent (EL) organic material
is sandwiched between an electron transport material (ETM) and a hole
transport material (HTM). When holes and electrons are injected into the
device from the anode and cathode respectively, the former travel through
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Figure 2.10: Schematic illustration showing (a) organic photovoltaic device
(OPVC) and (b) organic light emitting diode (OLED) devices with their corre-
sponding energy levels.
the HTM into the EL material, while the latter through the ETM into the
EL material. Inside the EL material, holes and electrons will recombine
emitting light in the process. As in the case with solar cells, the control
of the ELA at the interfaces between all the materials very crucial to the
operation of OLED devices.
2.4 Energetics at interfaces of electrodes
In this section the ELA taking place at interfaces between electrodes and
COMs will be described and the concept of surface charge transfer doping
will be introduced.
Vacuum level alignment vs vacuum level shift
Vacuum level alignment, also known as Schottky-Mott limit [70], is one of
the first models used to calculate the ELA across electrode/OSC interfaces
(see Fig. 2.11a,b). In this description, upon contact of an electrode with
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an OSC, the energy levels of the organic material (IE and EA) determined
separately (in gas phase measurements) were used to calculate the ELA
occurring at the interface. In this case, the determining factor for the align-
ment of the energy levels after contact is the work function of the electrode.
This implies that the determination of the hole/electron injection barriers
(HIB/EIB), which are typically defined as the energy difference between
the Fermi level (EF ) of the electrode material and the HOMO- or LUMO-
charge transport threshold of the adsorbed COM respectively, are given
by the simple equations as follows:
HIB = IE − Φ , (2.11)
and
EIB = Φ− EA . (2.12)
However, Evac alignment, in many cases gives erroneous values even
by more than 1 eV [61, 71], since it does not take into account physical or
chemical interactions that take place at the interface.
One of the first understood deviations from the Evac alignment rule
was assessed theoretically for closed-shell noble atoms [72], such as xenon
(Xe) adsorbed on metal surfaces. Since then, various studies have shown
the deviation from the commonly assumed Evac alignment in many other
cases [61, 73, 74].
For example, when molecules only physisorb on atomically clean Au,
the work function of the system was different than the work function of
the individual gold electrode [75]. A qualitative picture of the interface
energetics of the electrode/metal surface before contact with a COM is
shown in Fig. 2.11c. In this illustration, the IE and EA of the COM are
assumed for simplicity to remain constant before and after adsorption on
the metal, with the parameter µb being the bulk chemical potential. SD is
the surface dipole due to a large density of electron cloud spilling outside
the surface of the metal and into vacuum. When COMs are deposited
out of the surface of the metal, the ”spilling out” electron cloud of the
metal is pushed back into the bulk, altering the surface dipole and thus
the overall work function of the metal. Thus, the work function of the
metal/COM system differs from the work function of the individual metal
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Figure 2.11: Schematic energy level diagram of an organic semiconductor (OSC)
before (a) and after (b,c) adsorption on an electrode. In (b) the energy levels be-
tween the electrode and the organic layer are drawn considering that vacuum-
level alignment takes place while in (c) the energy levels drawn in such a way that
the vacuum level shifts after contact, due to the alteration of the surface dipole
(SD) that leads to a work function shift (∆Φ). The corresponding hole injection
barriers (HIB) and electron injection barriers (EIB) are depicted, together with the
ionization energy (IE) and electron affinity (EA) of the organic material.
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alone, giving different HIB and EIB values than estimated by assuming
Evac alignment. This phenomenon of Pauli repulsion is termed ”push-
back” effect or ”cushion” effect [61, 76].
The ”push-back” effect, that causes the formation of interface dipoles
(ID) and results in different energy level alignment than what is described
in eq. 2.13 and eq. 2.14, results in the following equations for HIB and EIB:
HIB = IE − Φ + ID , (2.13)
EIB = Φ− EA+ ID . (2.14)
Fermi level pinning
Fermi level pinning is the phenomenon where for a range of electrode
work functions, the final work function reached after deposition of a
molecular acceptor or donor is independent of the work function of the
pristine electrode. Most of the organic (opto)electronic devices are fab-
ricated in atmospheres such as high vacuum, controlled gas or ambient
in order to reduce the manufacturing costs. Thus, materials used for the
devices include a certain degree of surface contamination which turns
their surfaces chemically inert, rendering their electronic coupling with
COMs weak. Studies using such kind of chemically inert substrates with
different work function to create interfaces with COMs [64, 77, 78] have
shown that the energy level alignment at the interfaces follow, in general,
the rule shown in Fig. 2.12. Since graphene is also a rather chemically inert
material, it follows naturally that this rule will apply for graphene/COMs
interfaces.
The dependence of HIB and EIB on Φ is characterised by the S-





giving the shift of the Fermi level into the energy gap of the OSC (EgapF ), as
Φ varies [79, 80].
In the range where S∼ 1, the HIB and EIB follow the decrease/increase
of the work function Φ, i.e., Evac alignment can be used to predict the en-
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Figure 2.12: Schematic illustration showing the dependence of electron and hole
injection barriers (EIB and HIB, respectively) of organic semiconductors on the
work function of electrodes that are chemically inert. The inlets show the posi-
tion of the Fermi level EF with respect to the HOMO-LUMO gap of the organic
semiconductor. Φcrit,low indicates sufficiently low work function to induce elec-
trons to flow from EF into the LUMO of the organic semiconductor, resulting to
pinning of the LUMO around EF . Φcrit,high corresponds to sufficiently high work
function, to induce electrons to flow from the HOMO to the EF , resulting in the
pinning of the HOMO around EF .Adapted from [79].
ergy positions of HIB and EIB. In this range, the EF of the electrode falls
within the HOMO-LUMO gap of the OSC, as shown schematically in the
inlet in Fig. 2.12.
At S ∼ 0, Fermi level pinning controls the ELA. At these positions,
the HIB and EIB do not change with alteration of the work function of
the electrode. This phenomenon occurs, for electrodes with critically high
(Φcrit,high) or critically low (Φcrit,high) work function, resulting in the EF to
fall into the unoccupied or occupied states of the organic semiconductor,
respectively, if Evac alignment were assumed, as shown in the inlets in
Fig. 2.12, for the regions where S ∼ 0. When this occurs, the system is
in the so called Fermi-level-pinned regime. This would bring the system
out of thermodynamic equilibrium and interfacial charge transfer between
substrate and organic semiconductor spontaneously takes place in order
to guarantee thermodynamic equilibrium.
The pinning of EF has been observed by ultraviolet photoemission
(UPS) and inverse photoemission (IPES) [81, 82] to occur at energies large
compared to the frontier energy levels of the organic semiconductors. This
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results to minimised, but non-zero HIB and EIB values, different than what
is expected if the EF would be allowed to fall into the HOMO/LUMO of
the neutral molecule.
The reason for Fermi level pinning occurring a few meV away from the
frontier energy levels (HOMO or LUMO) of the OSC is not yet clearly re-
solved. One of the explanations is the integer charge transfer model (ICT)
[83, 84]. Under the assumption that the surfaces are chemically inert, only
integer charge could be transferred between substrate and COM (as partial
charge transfer requires hybridisation and, thus, chemisorption). Conse-
quently, cations (or positive polarons) form as a result of the migration of
an electron from the HOMO to the substrate whereas, anions (or negative
polarons) form when electrons enter the LUMO from the substrate.
Theoretical modelling has shown that the energy levels of the charged
species follow the rule depicted in Fig. 2.13, i.e. a renormalisation of the
energy levels occurs that reduces the HOMO/LUMO gap of the charged
species with respect to the neutral species. Thus, the energy levels that
these positive or negative polarons are occupying, will be the energy lev-
els where Fermi level pinning will occur. Another possible explanation
involves the presence of defect- or impurity- states that are present in the
gap of the OSC. These states broaden the density of states (DOS) of the
OSC and this causes a tailing of the distribution extending close to the EF .
Thus, the Fermi level pinning could occur at these electronic states [85].
Figure 2.13: Scheme showing the energy levels of the ground state of (a) a nega-
tively charged molecule (anion or negative polaron), (b) a neutral molecule, and
(c) positively charged molecule (cation or positive polaron). Adapted from [79].
2.5 Tuning the work function of graphene 24
2.5 Tuning the work function of graphene
Interface dipoles
A lot of methods have been applied to tune the work function of elec-
trodes. Examples of such kind of methods include:
1. Creating interfaces with COMs having an intrinsic dipole moment
[86, 87].
2. Use of strong molecular acceptors or donors in order to induce
charge transfer at the interface and thus creating an interface dipole
[63–65, 88, 89].
3. Use of self assembled monolayers (SAMs) with intrinsic dipole mo-
ments attached on the surface of the electrode [90, 91].
The interface dipoles discussed above create a shift in Evac, that can be
calculated using Helmholtz’s equation:




with ∆Φ being the work function change, ∆Evac the shift in vacuum level,
q the elementary charge, n the dipole surface density, µ the dipole moment
perpendicular to the surface,  the dielectric permittivity of the organic
material and 0 the vacuum permittivity. The assumptions taken for this
equation to be valid is that there is no dipole-dipole interaction and po-
larisability of the COMs. The depolarisation effect is usually of the order
of 100 meV, allowing for the Helmholtz equation to be used as a good ap-
proximation. A better model that does take into account the polarisability
of the molecules is the Topping model [92], that includes the interaction
between neighbouring dipoles. Instead of using this model though, an ef-
fective coverage-dependent dielectric constant can be used [93] together
with Helmholzt’s equation.
By controlling the magnitude of the dipole moment µ, together with
the dipole areal density, one can tune the work function according to eq.
(2.16).
Despite the fact that all the methods can achieve the adjustment of
the work function, in the current work, the use of molecular acceptors
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Figure 2.14: Schematic illustration showing the work function adjustment by the
use of interface dipoles to a) increase and c) decrease the work function. b) and d)
show the corresponding decrease of the hole injection barrier (HIB) and electron
injection barrier (EIB) between the molecular electrode and the corresponding
hole or electron transport material (HTL or ETL). Adapted from [79].
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or donors is preferred. The reasons for selecting this route instead of the
other methods is the fact that first, molecules with intrinsic dipoles are
harder to control and can result in random antiferroelectric assemblies on
the surface and secondly, SAMs have to be anchored on the surface by
the formation of chemical bonds [94], which would result in the disrup-
tion of the electronic network of graphene. In contrast, the use of strong
molecular acceptors/donors provides an effective way for controlling the
direction of the dipole moment. Electron acceptors will result in a dipole
moment having the vertical component facing towards the surface plane,
whereas electron donors will result in a dipole moment facing away from
the surface plane. The addition of such dipoles by increasing the material
on the surface usually yields a continuous increase or decrease of the work
function, until the first monolayer is completed, as shown in Fig. 2.14.
Surface charge transfer doping
Doping of inorganic semiconductors refers to the manipulation of their
charge carrier density and conductivity by introduction of impurities in
their crystal structure and is a significant technological tool in the field of
(opto)electronic devices based on semiconductors [95].
Conventional doping is achieved by bombardment of the semiconduc-
tor with energetic ions that are incorporated into the lattice of the host
semiconductor by ion implantation. According to the type of ion, the
introduction of negative charge carriers can occur when the ion donates
electrons into the conduction band of the semicondutor (n-type doping)
or positive charge carriers when the ion accepts electrons from the valence
band, leaving behind positive holes (p-type doping) [95].
In the search for novel and more gentle doping techniques that could
be applied in nanoelectronics, the doping at the surface/near-surface re-
gion by using organic molecules that can act as electron acceptors or elec-
tron donors has been developed [56, 96, 97]. With this method, the ex-
change of electrons between the semiconductor and the surface dopant
leads to an effective surface doping. The mechanism that drives the dop-
ing is the Fermi level pinning phenomenon. As described above, upon
the formation of a solid/solid interface, if the EF of the semiconductor lies
above the LUMO or below the HOMO, the system comes out of thermo-
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Figure 2.15: Schematic illustration showing how the Fermi level, EF of graphene
can be altered upon surface charge transfer doping, resulting in an electron en-
riched or electron poor graphene sheet. ED is the energy of the Dirac point.
Adapted from [47].
dynamic equilibrium, thus, charge transfer spontaneously occurs in order
to bring the system back into equilibrium and Fermi level pinning occurs,
as described in the previous section.
Consequently, the surface region or near-surface region would be
doped by charge carriers [98]. The surface CT doping model was first
introduced to explain the high surface conductivity that was found in di-
amond, a high band gap insulator [56, 96, 97, 99] and it was only recently
invoked as a way to manipulate the conductivity of nanomaterials. This
technique was further exploited in order to dope graphene epitaxially
grown on SiC(0001) [100] using the strong molecular acceptor F4TCNQ.
For the case of graphene, Fig. 2.15 shows schematically the process. A
COM that acts as a n-dopant shifts the EF of graphene upwards, thus
enriches the graphene sheet with electrons, whereas a COM that acts as
a p-dopant shifts the EF downwards, thus depletes electrons from the
graphene sheet.
The following equation (2.17) is derived from the Dirac energy disper-
sion near the K-points (eq. (2.7)) and it can be used as an approximation
to the doping of the graphene by introducing charge carriers due to the
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adsorbed molecule [101]:
∆EF = n
2 pi2 ~uF , (2.17)
with n being the density of charge carriers, uF the Fermi velocity and ∆EF
the shift of the Fermi level EF with respect to the Dirac point (located at
the energy ED).
Hence, in the case of graphene, the resulting work function change can
be separated into two contributions: (a) shift of the vacuum level (∆Evac)
due to formation of interface dipoles and (b) shift of the Fermi level due
surface CT doping that induces a shift in the EF with respect to the ED
(∆EF ). Thus the work function change (∆Φ) of graphene follows the equa-
tion:
∆Φ = ∆EF + ∆Evac . (2.18)
As a conclusion, the precoverage of the graphene electrode with a
molecular acceptor or donor that finely tailors the surface potential, will
result in reduced charge injection barriers (HIB or EIB) for the further de-
posited hole or electron transport layer, resulting to a better performance
for the final organic electronics device.
2.6 Growth modes of thin films
Subliming organic molecules in vacuum is very crucial as only in this way,
i.e. in the absence of a solvent, one can get direct access to the intrinsic
interface properties. Furthermore, UHV is required as it provides clean
and well-defined substrates for the subsequent deposition of the molecule.
Under atmospheric pressure, surfaces are rapidly covered with adsorba
such as water and other undefined organic species, making it impossible
to access a clean surface. Therefore, each thin film used in this work was
prepared by molecular beam deposition under UHV conditions.
The growth mode is a very important property of the organic material
grown on the substrate since its structural properties affect strongly the
electronic structure and the understanding of the energy level alignment
at the interface formed[102, 103]. As molecules are resistively heated from
a crucible, which is the usual deposition procedure in vacuum, they gain
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enough kinetic energy to leave the crucible and travel onto the surface that
is placed in the direction of the molecular beam created by the sublimation
procedure. After coming into contact with the substrate, there is a certain
probability to stay on it, depending on the sticking coefficient on the spe-
cific substrate.
Figure 2.16: The three growth modes of thin films. (a) Frank-van der Merve, in
which the film grows layer by layer, (b) Volmer-Weber, in which the adsorbates
form islands on the substrate and (c) Stranski-Krastanov, in which the adsorbate
initially forms a monolayer on the substrate and then forms islands on top of the
first monolayer.
After the molecules are bound on the surface, a number of dynamic
processes occur: a) inter-, intra- layer diffusion, b) nucleation, c) dissoci-
ation, 4) adsorption at special sites having higher surface energy, such as
step-edges and defects [104].
The thin film growth proceeds in three steps: a) when the organic
molecules reach the substrate they get physisorbed on the surface by los-
ing their perpendicular-to-substrate velocity, b) as the adsorbed species are
not in equilibrium, they explore different energetic states on the surface by
moving on the surface as two-dimensional gas, until they find other ad-
sorbed atoms, defects or species and start to cluster, c) clusters grow until
they reach a thermodynamically stable radius. Then nucleation starts, re-
sulting in one of the three different growth modes that come up dependent
on the interplay between different components of the surface area of the
clusters formed (Fig. 2.16):
• Frank -van der Merwe growth: This growth mode results if the
adsorbate-surface interaction is stronger than the adsorbate-adsorbate
interaction.This type of growth describes typical layer-by-layer
growth (see Fig. 2.16a). The molecules start forming complete lay-
ers and the second layer starts forming only after the first one is
completed.
2.6 Growth modes of thin films 30
• Volmer-Weber growth growth: The adsorbate-adsorbate interac-
tion is stronger than adsorbate-substrate interaction. The molecules
tend to aggregate as a result of this interaction in molecular assem-
blies, commonly named islands (see Fig. 2.16b). Consequently, the
molecules tend not to completely cover the surface.
• Stranski-Krastanov: This is a combination of the previous two
growth modes. The adsorbate-surface and adsorbate-adsorbate in-
teraction is of the same order. Initially, a two-dimensional layer
forms and then a three dimensional island formation proceeds (see
Fig. 2.16b), when the interaction with the underlying substrate be-
comes weaker.
The growth of common organic molecules on surfaces have been thor-
oughly investigated [105, 106] but as novel and more complex molecules
are synthesized in the growing field of organic electronics, in the same
rapid speed the rules that describe the growth get more complex.
3 Experimental methods
In this work, two experimental techniques were mainly used: a) photo-
electron spectroscopy (PES), for probing the valence and core electronic
structure and b) NEXAFS, for obtaining information on the molecular ori-
entation of a COM adsorbed on graphene.
The main source of light used was synchrotron radiation, hence a de-
scription of the synchrotron radiation and synchrotron facilities is pro-
vided, followed by a description of main principles of the PES and NEX-
AFS techniques.
3.1 Synchrotron radiation as light source for electron
spectroscopy
The generation of electromagnetic (EM) radiation by electric charges un-
der the influence of a radial force led to the development of synchrotron
facilities, aiming to artificially keep charges, usually electrons, under the
experience of a force to follow a curved path. The EM radiation produced
has high degree of monochromaticity, brilliance and polarisability.
A synchrotron radiation facility mainly consists of an electron gun,
a linear accelerator (linac), a storage ring and usually a booster ring, as
shown schematically in Fig. 3.1.
Electrons are initially emitted from the electron gun and enter the linac,
where they are accelerated up to ultra-relativistic speeds. They then enter
the booster ring, which is a circular ring where the electrons gain more en-
ergy, and using magnets the beam of particles is being bent and focused.
The magnetic field is increased synchronously with the particle energy in
order to keep the charged particles on a circular path with constant radius.
At a certain point, the charged particles effectively reach the desired rel-
ativistic energy and they are injected into the storage ring. The electrons
are then set to an orbit in the storage ring, where they keep undergoing a
radial acceleration.
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Figure 3.1: Typical setup of a synchrotron facility storage ring (outer circle) with
the booster, that accelerates the free electrons, that are generated by the electron
gun and are accelerated in the linear accelerator (linac). At several points along
the storage ring, are situated openings for the photons that are guided through
beamlines to the endstations, where the experiments take place.
The EM radiation is finally generated at the positions of bending mag-
nets that keep the electrons on a closed circular path and in undula-
tors/wigglers that are placed into the linear sections. At these positions,
the electrons undergo an additional acceleration causing them to emit
polarised EM radiation in a wide range of the EM spectrum. The radi-
ation is transmitted into experimental chambers (endstations) through
beamlines. In the path of such beamlines, a monochromator selects a
single wavelength of the incoming radiation, thus producing a highly
monochromatised beam of light and experiments can be performed with
a tunable monochromatic X-ray source with a high degree of polarisation.
These features of the beam are exploited in both PES and XAS [107].
3.2 Photoemission spectroscopy
For several decades, PES has been a very important spectroscopic tool for
the study of electronic and chemical properties of materials. Its name
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originated from the fact that it is based on (external) photoelectric effect
[108, 109]. The working principle of this technique is the excitation of elec-
trons by incident light, causing the photo-ionisation of the probed system.
The incident light with energy hν that can be either highly monochromatic,
i.e., having only a single energy of hν, or non-monochromatised, which is
commonly used for laboratory X-ray and ultraviolet light sources, such
as magnesium (Mg) or aluminum (Al) anodes and helium (He) discharge
lamps. According to the excitation energy, hν, PES is divided into two cat-
egories: (a) UPS, for incident EM radiation in the energy range hν = 10 eV
- 100 eV and (b) XPS for excitation energy hν > 100 eV.
Surface sensitivity of PES
A characteristic property of the PES technique is its surface sensitivity. The
information depth that can be reached is rather small, of the order of sev-
eral Armstrongs (A˚) and is determined by the electron mean free path.
This parameter is mainly determined by electron-electron collisions in the
energy range of the experimental studies, although electron-phonon inter-
actions play an important role at lower energies [110]. Fig. 3.2 shows the
”universal” curve for the electron escape depth, that describes the electron
mean free path, or information depth as a function of the photoelectron ki-
netic energy.
Figure 3.2: The universal curve, illustrating the electron mean free path.
Adapted from [110].
For the energies used in this work, the information depth is several
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Armstrongs, i.e., of the order of one (UPS) to a few (XPS) molecular layers
[110, 111].
Transmission of electron from sample to analyser
Fig. 3.3 shows schematically the photoemission process. The sample gets
irradiated by light with energy hν, exciting electrons by the photoelecric
effect. The generated photoelectrons have to overcome the work func-
tion of the sample (Φs), before they are liberated. Thus, their kinetic en-
ergy (Ekin) is reduced by an amount equal to Φs. A typical photoelectron
spectrometer, or electron analyser consists of an electrostatic hemispher-
ical analyser and an electrostatic lens system. The electrons originating
from the illuminated sample are focused into the analyser by the electro-
static lens system and are retarded so that they match the pass energy of
the analyser. Subsequently, they follow a circular path due to the elec-
trostatic potential in the hemispherical part of the analyser and they get
detected.
Figure 3.3: Schematic illustration showing the ejected photoelectrons from the
sample after EM radiation of energy hν is incident on it and the subsequent travel
to the analyser where they are collected. The dotted lines represent circular paths
of the electrons in the hemispherical analyser.
Energy distribution curve
The electron analyser measures the kinetic energy of the photoelectrons,
generating an energy distribution curve, as illustrated in Fig. 3.4.
The electrons having the highest Ekin are the ones that are located clos-
est to EF . In the case of a metal, the highest energy electrons come directly
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from the Fermi level since this is the highest energy level that electrons
occupy. For organic materials, the electrons with the higher Ekin emerge
from the HOMO. The EF is the reference energy level of choice in PES of
solid state materials, since the electron analyser and the sample are elec-
trically connected, and EF is aligned between analyser and sample.
Figure 3.4: Schematic of the energy distribution curve (EDC), which is typical
spectrum obtained in a photoemission spectroscopy (PES) experiment. Impor-
tant regions in the EDC is the core level region (CLR), the valence level region
(VLR) and the secondary electron cut-off (SECO). From EDC, various values can
be extracted, e.g., the highest occupied molecular orbital (HOMO) of a molecu-
lar thin film and the kinetic energy of the SECO onset (Ekin|SECO). Ekin|F is the
kinetic energy of the Fermi level.
At lower Ekin (or higher binding energy (BE), respectively) in the spec-
trum, the valence level region (VLR) is located. These features correspond
the valence electronic states of the system, which, to a first approxima-
tion are equivalent to the density of occupied states (if selection rules and
cross-sections are neglected). They are broad features, due to the fact that
the photogenerated holes are coupled to the phonon vibrations resulting
in a broadened linewidth [112]. At even lower Ekin, the core level region
(CLR) is located. These features are localised core states and are generally
narrower, with their intrinsic linewidth arising due to the non-zero life-
time of the photo-generated core-hole. At kinetic energies close to 0 eV,
the sharp feature observed is termed secondary electron cut off (SECO).
The corresponding electrons are inelastically scattered within the sample
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and have lost the information about their initial state. This energy position
of the SECO corresponds to the local Evac, just outside the sample.
In addition to the intrinsic broadening of the features mentioned above,
temperature and experimental broadening come also into play. The anal-
yser entrance slit width, pass energy and the radius of the hemispherical
analyser are the main experimental factors that create additional broaden-
ing to the spectra.
Figure 3.5: Schematic diagram of the vacuum levels (Evac) between the electri-
cally connected sample and electron analyser in a photoemission experiment. Φs
and Φd are the work functions of the sample and detector respectively.
As shown in Fig. 3.5, in an actual photoemission experiment, the work
function of the electron analyser (Φd), has to be considered when calculat-
ing the sample’s energy levels. When Φd > Φs, the photoelectrons need to
overcome an energy barrier equal to Φd−Φs to be able to reach the electron
analyser. In order to avoid the situation of losing information from pho-
toelectrons that do not have enough Ekin to reach the analyser, the sample
is held at a constant negative potential (Vbias) with respect to the electron
analyser when measuring the SECO, in order to give the photoelectrons
sufficient kinetic energy to overcome the work function of the analyser.
Ultraviolet photoelectron spectroscopy
UPS is used to measure energy levels such as Φs, HIB or IE of the or-
ganic material, e.g., at organic/electrode interfaces or bulk organic mate-
rials. Valuable information about the substrate-adsorbate interaction can
be obtained, e.g., chemical interaction or charge transfer at the interface.
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Φs can be obtained using the following relationship:
Φs = hv − (Ekin|EF − Ekin|SECO)− eVbias . (3.1)
The hole injection barrier (HIB) is obtained using:
HIB = Ekin|EF − Ekin|HOMOonset . (3.2)
Finally, the IE of the organic material can be extracted using:
IE = HIB + Φs . (3.3)
X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) is used to investigate core levels,
providing both elemental and chemical state information.
In the CLR, the Ekin of the emitted photoelectrons are characteristic
of the element they originate from, providing the possibility of elemental
investigation. By taking into account the respective atomic cross-sections
for photoemission and making use of the intensity ratio of the peaks, the
stoichiometry of the sample can be calculated.
Figure 3.6: C 1s core level of polymethyl-acrylate (PMMA), spin-coated on
graphene. The figure shows that the different chemical species can be identified
using the energy positions of the peaks obtained by X-ray photoelectron spec-
troscopy (XPS), after deconvolution of the spectra.
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The exact BE position of the peaks are altered by the local bonding
or chemical environment and, therefore, provide the determination of the
chemical state, as shown in Fig. 3.6. This can be used to investigate chem-
ical reactions or to investigate charge-transfer interactions of the molecule
with the surface, as all these can lead to energy shifts. Furthermore, XPS
can be used to probe of contamination on substrates, impurities in ad-
sorbed molecules and even to check the molecular integrity after the sub-
limation process.
Additionally, information about the growth mode can be obtained,
by observing at what coverage the substrate features get significantly
attenuated. When for e.g., the growth follows the Volmer-Weber mode
(see Fig. 2.16b, rapid damping of the substrate features will be observed,
whereas in the case of Frank-van der Merve (see Fig. 2.16a) or Stranski-
Krastanov (see Fig. 2.16c) modes the substrate features get quenched only
at very high coverages.
Theory of the photoemission process
The excitation of a photoelectron is a complex process [110, 113], with
the sample always representing a many body system that is involved as
a whole in the photoemission process. A very short but concise account
is given in the contribution by e.g., Borstel et al. [114] and a very compre-
hensive description is given in the textbook of Hu¨ffner [110].
A lot of models have been proposed to describe the photoemission
process, with the simplest one being the three-step model proposed by
Berglund and Spicer [115], that gives a phenomenological account of the
process by splitting it into three steps: 1) excitation of an electron in the
material by the incident EM radiation, 2) propagation of the electron
within the material to the surface and 3) escape of the electron from the
surface into the vacuum. These three steps are treated separately and in
this framework, self-energy corrections, giving rise to energetic shifts and
damping processes are neglected [113].
By splitting the photoemission process in three steps, the total external
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emission current Iext is written as follows [115, 116]:
Iext(E ′kin, hν,k) = I
int(Ekin, hν, (k)) · T (Ekin) ·X(Ekin,k) , (3.4)
withEkin denoting the kinetic energy of the electron, hν the photon energy,
I int(Ekin, hv,k) the internal photoelectron current desnity, T (Ekin,k) the
transport function and X(Ekin,k) the escape function.
In the first step, Fermi’s golden rule as a result of 1st order perturbation
theory is used to give the probability of transition w per unit time (tran-
sition rate) for an electron initially in the state Ψi to a final state Ψf . H’ is
the perturbation causing this excitation (incident EM radiation). The tran-





|〈Ψf |H ′|Ψi〉|2 δ (Ef − Ei − hv) , (3.5)
withEi andEf are the energies of the initial and final states, hv the incident
photon energy.
|〈Ψf |H ′|Ψi〉| = Mif are the transition matrix elements.




(A · p+ p ·A)− eΦlight + e
2
2mec2
A ·A . (3.6)
A and Φlight are the vector- and scalar- potentials of the incident EM
field, e and me are the electron charge and mass, c is the velocity of light
and p is the momentum operator.
Thereafter, a certain number of approximations are applied to the pertur-
bation in order to reduce the problem. The last term that contains A.A
describes the interaction between the photon field and does not contribute
to one-photon processes and it is neglected. Furthermore, the intensity
of the photon flux is relatively low to give a large value to this term in
common photoemission experiments.
We assume that the wavelength λ =
2pi
q
 typical atomic distances.
This allows us to use the electric dipole approximation, where the vector
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potential can be expressed as:
A = A0 exp(
iq
r
) ≈ A0 . (3.7)
Finally, by applying a Coulomb gauge, where ∇.A = 0. this removes the
Coulomb potential Φ from the equation.




A0 · p . (3.8)






|〈Ψf |A0 · p|Ψi〉|2 δ (Ef − Ei − hν) , (3.9)
with the transition dipole moment, Mif = |〈Ψf |A0.p|Ψi〉|2. After sum-
ming over all the initial and final states the internal photoelectron current
density is [116]:





Ef (k)− Ei(k)− hν
)
δ(Ekin − Ef (k)
)
. (3.10)
The term δ(Ef (k)−Ei(k)−hν) in the expression indicates that the pho-
toelectron current density is proportional to the density of occupied states
in the material. This means that, indeed, the EDC in the PES experiment
gives an approximation to the density of the occupied states of the mate-
rial. Furthermore, the transition dipole moment Mif gives the probability
of a certain transition to happen. This is given by the dot product between
the vector potential of the incident light A0 and the momentum of the
electron p, giving the selection rules in the photoemission process.
The 2nd step of the photoemission process involves the propagation
of the excited electron to the surface. A number of these electrons will be
scattered inelastically during their travel to the surface, thus losing their
information about their initial state and be a part of the secondary elec-
tron background in the spectrum. The number of electrons that are not
being scattered inelastically during the propagation inside the material,
are determined by the mean free electron path (see Fig. 3.2). The transport
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function is proportional to the function describing the mean free electron
path.
Finally, in the 3rd step of the photoemission process, the electron es-
capes from the surface of the solid after being scattered by a surface po-
tential [116] and is transmitted into the vacuum, where it further travels to
the electron analyser, where it is collected and measured. During this pro-
cess, the parallel component of k is conserved, while the normal compo-
nent of k is not. The parallel component of the photoelectron that escaped






with α the emission angle of the photoelectron as it escapes the solid, with
respect to the surface normal. This equation makes the measurement de-
pendent on the experimental parameter α.
Many body effects
After excitation of the system by incident light, the generated photoelec-
tron travels out of the sample, leaving behind a photohole that disturbs the
electronic structure of the surrounding system. The excited photoelectron
feels the Coulombic attraction of the photohole during its travel out of the
sample. Depending on the nature of the substrate, the effect of screening
of the photohole from the surrounding electrons can significantly vary.
Figure 3.7: (a) Energy level diagram of the highest occupied molecular orbital
(HOMO) of a conjugated organic material (COM) adsorbed on a metal at increas-
ing distance from the COM/metal interface (b) Screening effect by the surround-
ing of the photohole when the thickness is in the multilayer regime and (c) mono-
layer regime.
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Fig. 3.7a shows the energy level diagram of the HOMO of a COM ad-
sorbed on a metal substrate, with increasing distance of the COM from
the substrate. Fig. 3.7b shows the efficiency of the screening of the pho-
tohole by the surrounding organic material in the multilayer regime, and
Fig. 3.7c the screening by the metal substrate in the monolayer regime. In
the monolayer regime, the electrons in the metal can screen the photohole
more efficiently than in the multilayer case. Thus, the ejected photoelec-
tron feels less Coulombic attraction by the photohole and thus it shows up
in the EDC at a lower BE. In the multilayer, the screening effect is weaker
and the photoelectron feels more Coulombic attraction by the photohole,
thus it appears to have higher BE in the EDC.
Fig. 3.8 shows two additional characteristic electronic processes that
invoke many-body effects and lead to extra peaks in the photoemission
spectrum. These features are more commonly observed in XPS than UPS.
The most commonly observed peaks are termed shake-up and shake-off
lines [110, 117] and they are the result of two-electron processes where a
valence electron is excited during the extraction of a core level electron. If
the valence electron is excited into a higher bound energy level (Ebound),
a shake-up feature is created, while if the valence electron is emitted out
of the solid, a shake-off feature is induced. The energy difference of the
shake-ups from the main core-level peak is related to the HOMO-LUMO
energy difference.
Figure 3.8: Schematic illustration showing two important many-body processes.
Shake-up and shake-off features correspond to the excitation of a valence electron
into a bound state, Ebound and the excitation of the valence electron out of the
solid, respectively.
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3.3 Near edge X-ray absorption spectroscopy
X-ray absorption spectroscopy probes the excitation of core level electrons
into unoccupied or half-filled states, generating the X-ray absorption spec-
trum that is usually separated into two parts: (a) near-edge X-ray ab-
sorption fine structure (NEXAFS), for the absorption fine structures up to
∼30 eV above the absorption edge and (b) extended X-ray absorption fine
structure (EXAFS), that extends up to 1000 eV above the absorption edge.
In this work, we used NEXAFS to probe resonant excitations from 1s core
level states (N 1s) to unoccupied states, in order to extract information
about the orientation of the molecular monolayer.
Figure 3.9: Schematic illustration depicting (a) the X-ray absorption process for a
simple molecular system, benzene, together with the energy states of the system
in the gas phase and (b) the typical NEXAFS spectrum at the C K-edge. LUMO is
the lowest unoccupied molecular orbital, HOMO is the highest occupied molecu-
lar orbital,EF is the Fermi level,Evac is the vacuum level. The figures are adapted
from [118].
The absorbed X-rays excite core electrons, inducing their transition into
unoccupied states. Fig. 3.9a illustrates the absorption of a photon by a
core level and the subsequent excitation into an unoccupied state of the
model molecule benzene, generating its NEXAFS, as drawn schematically
in Fig. 3.9b. Near the absorption edges, a series of fine structures appear.
For the case of organic molecules, these fine structures are dominated by
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resonances predominantly arising from transitions into unoccupied pi∗ or
Rydberg states, as illustrated for benzene in Fig. 3.9.
The dipole selection rules apply for the NEXAFS transitions:
∆l = ±1,∆j = ±1,∆s = 0 , (3.12)
with l the angular momentum quantum number, j the total momentum
quantum number and s equal to the spin quantum number.
These dipole selection rules give rise to the absorption edges in the
NEXAFS spectrum, that are classified according to the origin of the excited
electron. For K-edge excitations, that concerns the current work, the dipole
selection rule ∆l = 1 allows transitions into final states having an atomic
p orbital component.
The X-ray absorption cross-section describes the probability for ab-
sorption of a photon by an atom. When the photon energy, hν, matches
the energy required for a transition, the X-ray absorption spectrum shows
maxima and the intensity decreases monotonically after the core-edge.
The absorption cross section (σx) is defined as the number of electrons
excited per unit time divided by the number of incident photons per unit










. 〈Ψf |E · µ|Ψi〉2 ρf (E) , (3.13)
with σx the absorption cross-section (usually given in cm2 or barn), ~ the
reduced Planck constant, c the speed of light, e the electron charge, m the
electron mass, hν the photon energy, E the electric field vector, µ the elec-
tric dipole operator, Ψf the wavefunction of the final state, Ψi the wave-
function of the inital state and ρf (E) the density of final states.
Elemental information using NEXAFS
NEXAFS is element specific, since the absorption edges of elements have
characteristic energies. Furthermore, it is sensitive to the bonding envi-
ronment within different functional groups. Therefore, it can be used to
determine chemical compositions of complex species (e.g. polymers) with
great accuracy (Fig. 3.10a).
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Orientation analysis with NEXAFS
MOs are highly directional, as shown in Fig. 3.10b with the orbital vector
of the final state orbital, O, describing a specific orbital direction within
a molecule. Thus, by varying the electric field direction, E, with respect
to the final state orbital vector,O, information about the orientation of the
COM on a surface can be extracted. The angular dependence of the matrix
element, using eq. (3.3), is given by:
|〈Ψf |E · µ|Ψi〉|2 . (3.14)
In the case of a linearly polarised light, it results to:
|E|2 |〈Ψf |µ|Ψi〉|2 , (3.15)
and for a transition from a 1s orbital, |〈Ψf |µ|Ψi〉|2 points alongO.
The transition probability is then given by:
w ∝ |E|2 |〈Ψf |µ|Ψi〉|2 ∝ |E|2O|2 ∝ cos2δ , (3.16)
with δ the angle between E and O. Using simulations to identify transi-
tions, the direction ofO can be found, and consequently the angle between
this vector and E can be calculated, hence the orientation of the molecule
on the substrate can be evaluated.
Figure 3.10: (a) NEXAFS transitions from the carbon 1s core level (C 1s) into
unoccupied states of two different functional groups, allowing for the elemen-
tal determination, (b) Different absorption intensity depending on the direction
between the orbital vectorO and the electric field vector E.
4 Materials and experimental details
In this section, at first the investigated organic materials and the used sub-
strates are presented. Then, the experimental setups with which UPS, XPS
and NEXAFS measurements were performed will be introduced and rele-
vant experimental details will be discussed.
4.1 Materials
The investigated COMs and employed substrates will be shown in this
section, together with the respective motivation for choosing them.
4.1.1 Molecular acceptor and donors
The main aim of this thesis was the work function tuning of single
layer graphene by using technologically relevant molecular acceptors
and donors. Their technological relevance is defined by their air stability
and low volatility. Four different COMs were studied, two electron donors
and two electron acceptors. Fig. 4.1 presents an overview of the chemical
structures together with the full names, abbreviations and suppliers of all
the organic molecules used in this work.
The first organic molecule studied is hexaazatriphenylene-hexacarbonitrile
(HATCN), synthesized and provided by Max Planck Institute for Polymer
Science, Mainz, Germany. This COM is already known to cause a den-
sity dependent re-orientation when deposited on Au(111) and Ag(111)
[88, 120] and is shown to induce a charge transfer when deposited on met-
als, metal oxides and organic molecules and thereby increase their work
function by more than 1 eV [64, 88, 89, 121].
Hexafluoro-tetracyanonapththoquinodimethane (F6TCNNQ), synthe-
sized and provided by NOVALED, Dresden, Germany is a strong molecu-
lar acceptor with higher molecular weight (sublimation temperature 130◦)
than the commonly used strong electron acceptor F4TCNQ (sublimation
4.1 Materials 47
temperature 90◦) [63, 122, 123]. F6TCNNQ has been already used success-
fully as p-dopant for organic molecules, such as pentacene [124, 125].
The two donor molecules, i.e., the dimer of pentamethylrhodocene
([RhCp*Cp]2) and the dimer of pentamethyl-cyclopentadienyl-trialkylbenzene-
ruthenium ([RuCp*mes]2) were synthesized and provided by Georgiatech,
Atlanta, USA [126–129]. These two donors are relatively novel dimeric
organometallics with very low IE, that have been used in solution to ef-
fectively n-dope graphene and were additionally used to n-dope organic
semiconductors [129, 130].
The organic molecules were sublimed using resistively heated quartz
crucibles at sublimation rates of about 0.2 nm/min. The film mass-
thickness was monitored using a quartz crystal microbalance (QCM).
The mass density used for all the molecules was 1.35 g/cm3, except for
HATCN, for which 1.6 g/cm3 was used [131]. During molecular sublima-
tion the pressure was kept below 1 · 10−8 mbar. All preparation steps and
measurements were performed with the substrate at room temperature
and in UHV.
4.1.2 Substrates
Most experiments have been performed on monolayer graphene on two
different supports. The technologically relevant substrate is G/Qu and
experiments were also performed on G/Cu. Additionally, experiments
have been performed on highly oriented pyrolytic graphite (HOPG).
HOPG (ZYB grade) was cleaved in ambient atmosphere before being
loaded into the preparation chamber. It was then annealed at 500 ◦ for 12
hours. G/Qu was annealed for different time periods, from 6 h to 24 h at
600◦C, in order to check the effect of annealing time to the resulting purity
of the substrate. The annealing procedure for obtaining clean graphene-
on-quartz substrates will be discussed in more detail in section 5.1.
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Figure 4.1: Chemical structures, abbreviations, full chemical names and suppli-
ers of the investigated molecules.
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Figure 4.2: The experimental NEXAFS geometry at the BEAR beamline. The
electric field vector of the elliptically polarised X-rays has a horizontal (major)
component EH and a vertical component EV . ΘM is the incidence angle of the
light with respect to the surface plane and ΨC is the rotational angle of the exper-
imental chamber which is the same as the rotational angle of the sample around
the beam axis. n is the surface normal.
4.2 Experimental
4.2.1 Endstation BEAR
NEXAFS measurements were performed at the BEAR endstation at the
ELETTRA synchrotron facility in Trieste, Italy. This endstation is located at
a bending magnet which provides radiation in the energy range between 3
- 1600 eV, with a final spot size of 30µm · 100µm. The endstation features a
rotatable analysis chamber, optimized for X-ray absorption measurements
[132, 133].
NEXAFS spectra were collected in total electron yield mode (drain cur-
rent mode) at the N K-edge. The incident light was elliptically polarised
with the major component in the horizontal plane (EH); the incidence an-
gle of the light with respect to the sample surface plane (ΘM ) was kept
fixed at 10◦. The chamber was then rotated around the beam axis (ΨC),
producing an effective rotation of the electric field vector with respect to
the surface plane, hence the relative polarization of the light with respect
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to the sample surface plane was changed. Using this setup, the excitation
volume was kept constant [134]. The process is shown schematically in
Fig. 4.2.
4.2.2 Endstation SURICAT
The major part of the PES data presented in this work were recorded
at the third generation synchrotron light source facility BESSY II, Berlin,
Germany at the endstation for Surface Investigation and Catalysis (SurI-
Cat). The beamline SurICat is equipped with a plane grating monochro-
mator operated with collimated light, in an energy range from 20 eV -
2000 eV. An aluminium filter was used for all experiments involving or-
ganic molecules, in order to decrease the photon flux impinging on the
organic material. This is crucial in order to avoid degradation of the or-
ganic material due to irradiation. The spot size of the beam is ∼ 50 µm2
and the light was horizontally polarised. The electron analyser used was
a hemispherical analyser (Scienta SES 100).
The UHV system at this endstation consists of a preparation chamber
at base pressure 1·10 −9 mbar interconnected with an analysis chamber
at base pressure 1·10 −10 mbar, as shown in Fig. 4.3. In the preparation
chamber (Igel), a QCM is used for the measurement of the nominal mass
thickness deposited on the substrate. The organic molecules are loaded
in multiple organic evaporators mounted on the chamber. The Racoon
chamber was used to anneal the graphene samples.
The electron analyser in the analysis chamber is located at an angle of
60◦ between the incident photon beam and the centre of the analysis cham-
ber. The angle between the analyser and the sample surface normal could
be adjusted by rotating the manipulator. This angle is reported as take-off
or emission angle (α) between the sample surface normal and the anal-
yser. Most of the spectra were collected at 0◦ take-off angle (i.e., normal
emission geometry).
The spectra were collected in transmission mode and were angle-
integrated over the acceptance angle of the analyser which was 10◦. The
SECO spectra were collected with the sample biased at Vbias = −10 V with
respect to the electron analyser as to clear the analyser work function and
allow for all the low kinetic energy inelastically scattered electrons to be
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Figure 4.3: Schematic drawing of the experimental endstation SurICat at the syn-
chrotron facility BESSY II, showing the apparatus used in this work. The analysis
chamber is located at a level lower with respect to the preparation chambers.
collected.
The excitation energy chosen for the UPS experiments was 35 eV. For
XPS, different energies were used, as to fix the photoelectron kinetic en-
ergy at ∼ 100 eV, thus keeping the same inelastic mean free path for all
the core levels recorded, at ∼ 1 nm (see universal curve Fig. 3.2). The pass
energy was set to 5 eV for measuring the SECO and 20 eV for valence- and
core- levels, while a pass energy of 50 eV was used for collecting XPS sur-
veys. The energy resolution was 150 meV for UPS and 300 meV for XPS.
4.2.3 Laboratory photoemission setup
Photoemission studies were also performed at Humboldt University in
Berlin, using a commercial UHV system. The apparatus consists of a
preparation chamber with base pressure 1· 10−9 mbar and analysis cham-
ber with base pressure 1· 10−10 mbar. The preparation chamber was con-
nected to a load-lock for fast sample entry without breaking vacuum con-
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ditions. A schematic drawing of the experimental chambers is shown in
Fig. 4.4.
The analysis chamber is equipped with a scanning tunnelling / atomic
force microscope (VT-STM/AFM, Omicron), an X-ray gun (SPECS), a He-
lium discharge lamp (SPECS) and a hemispherical electron analyser (Phoi-
bos 100, SPECS). For the collection of UPS and XPS spectra, a pass energy
of 20 eV was used. XPS spectra were collected either with Mg Kα radia-
tion (hν = 1253.6 eV, natural linewidth 0.7 eV) or with Al Kα radiation (hν
= 1486.6 eV, natural linewidth 0.85 eV). The sampling area was∼1 cm2 for
XPS and ∼ 0.5 cm2 for UPS. For all UPS experiments, an aluminium fil-
ter was used in order to avoid photo-induced degradation of the organic
films.
Figure 4.4: Schematic drawing of the experimental details of the commercial
UHV system at Humboldt University in Berlin, showing the apparatus used for
this work.
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4.3 Data collection and analysis
Photoemission spectra
For analysing UPS and XPS spectra, the commercial programs OriginPro
and IgorPro were used. To determine SECO in the low kinetic energy
region of the UPS spectra, the intersection of linear extrapolations of the
background and the cutoff was used, as shown in Fig. 4.5.
Figure 4.5: Fitting routine showing the determination of the onsets of the sec-
ondary electron cutoff (SECOonset) and the highest occupied molecular orbital
(HOMOonset).The HOMO and HOMO-1 are also shown in the diagram.
To determine the Fermi level, a clean gold foil was used. The binding
energies of the corresponding spectra were referred to this EF as in this
equation:
BE = Ekin|EF − Ekin (4.1)
with Ekin the kinetic energy and Ekin|EF the kinetic energy of the Fermi
level.
Similarly, the HOMO onset was also determined as intersection of two
linear extrapolations, as shown in Fig. 4.5. The HOMO onset gives the
value of the HIB. The IE is calculated using the following equation:
IE = hν − (Ekin|HIB − Ekin|SECO + eVbias) (4.2)
with IE the ionization energy, hν the excitation energy, Ekin|HIB the kinetic
energy of the hole injection barrier as determined by the HOMO onset,
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Ekin|SECO the kinetic energy SECO onset, e the electron charge and Vbias
the bias voltage applied between the sample and the analyser.
When the experiments were performed using synchrotron radiation,
for each core level measured, the energy of the photons was calibrated
by measuring the BE of the Au 4f, from a gold foil attached to the ma-
nipulator. After the collection of every core level, the gold foil was mea-
sured with the same energy and the energy was calibrated, as depicted in
Fig. 4.6. The resolution of the radiation was determined by the full width
half maximum (∆EXPS) of the Au foil.
Figure 4.6: Au 4f core level of the Au foil, showing the calibration applied to
the photon energy and the determination of the energy resolution of the incident
light (∆EXPS).
Data fitting (Voigt peaks, Shirley or linear background) was performed
with the freeware XPSPeak.
X-ray absorption spectra
There are various methods to probe the core level excitation event, which
is the basis of X-ray absorption measurements. The transmission mode in-
volves measurement of the X-ray intensity that passes through the sample,
I = I0e
−ρd (4.3)
with I0 and I the incident and transmitted X-ray intensities, respectively, d
the sample thickness and ρ the absorption coefficient (proportional to the
absorption cross section). This method requires samples in the form of thin
transparent foils, so that the X-ray can be effectively transmitted through
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the sample. This limits its usage, in particular when organic molecules on
a substrate are being studied.
Apart from the transmission mode, other methods for measuring NEX-
AFS involve probing the decay channels of the core holes. After a core hole
is created by X-ray absorption, electrons from a higher energy level relaxes
into the energy level of that core hole. Simultaneously, this electron re-
leases its energy either by emitting a fluorescent photon (radiative energy
release) or by emitting an Auger electron (non-radiative energy release).
These decay channels are directly related to the absorption cross-section.
The fluorescence yield (FY) involves the detection of fluorescent photons
by a photon detector and the probing depth is of the order of 100 nm. The
Auger electron yield (AEY) involves the detection of the elastically scat-
tered Auger electron intensity, using an electron analyser. The probing
depth in this case is of the order of 1 nm. The total electron yield (TEY) in-
volves the collection of emitted electrons of all kinetic energies. This signal
is dominated by low kinetic energy inelastically scattered secondary elec-
trons. The emitted electrons in TEY can be collected in two ways: (a) using
an electron analyser or (b) measuring the sample drain current. With this
mode, the probing depth is 5-10 nm. A variant of TEY is partial electron
yield (PEY), where an electron analyser performs the electron detection
and only electrons with energies exceeding a treshold are filtered out. The
probing depth in this case is similar to AEY i.e., of the order of 1 nm. In
this work, the TEY method was used and the drain current of the sample
upon X-ray illumination was measured.
4.4 Theoretical simulations
Density-functional theory (DFT) is one of the most successful approaches
to simulating matter using quantum mechanics. It is being routinely used
for calculating properties of molecules, solids and atoms, e.g., the binding
energies of molecules or the band structures of solids.
The versatility of DFT as a tool for performing simulations, is due to
the fact that it makes the particle density n(r) of the system, the key vari-
able that describes it. This realisation came by Hohenberg and Kohn, that
postulated that the ground state of the ground state electron density of
a system contains all the information of the many-body electronic wave-
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function [135] Knowledge of n(r), implies the knowledge of the wavefunc-
tion and the potential and hence all the other observables of the system.
Consequently, a many-body problem can be mapped onto a single-body
problem, thus the size of the problem is reduced significantly.
XPS spectra were calculated with the DSCF method and the aug-cc-
pVDZ basis set [136] on the free HATCN molecule using Dalton2011
[137]. The simulations were performed by Angelos Gianakopoulos at Uni.
Mons, Belgium.
NEXAFS simulations were performed using the DFT code STOBE
using the gradient corrected RPBE exchange-correlation functional [138,
139]. The simulations were performed by Prof. L. Pasquali at the Univer-
sity of Modena.
Further theoretical calculations were carried out with the Vienna Ab
initio Simulation Package (VASP) [140–142] using the PerdewBurkeErnz-
erhof (PBE)[138] exchange-correlation functional and a plane-wave ba-
sis set with an energy cutoff of 400 eV. Grimme-type (DFT-D) dispersion
corrections were applied [143], since van der Waals interactions play a
significant role in noncovalent functionalization. In all calculations, the
whole system (graphene and molecule) was optimized until the remaining
atomic forces were smaller than 0.02 eV/A˚. All the 3D isodensity represen-
tations in this work were produced by XCrysDen [144]. The simulations
were performed by A. Giannakopoulos at University of Mons.
5 Results and discussion
The chapter begins with the characterisation of the as-received single
layer graphene-on-quartz and graphene-on-copper and proceeds with
the presentation of the procedure used to clean the samples in UHV.
The chapter is then separated into three sections, which correspond to
the three systems studied: (a) the molecular acceptor HATCN deposited
on G/Qu, G/Cu and HOPG, (b) the molecular acceptor F6TCNNQ de-
posited on G/Qu and G/Cu and (c) the molecular donors [RhCp*Cp]2
and [RuCp*mes]2 on G/Qu.
5.1 Cleaning procedure of graphene samples
The single layer graphene samples used in this work were produced in
Max Planck Institute for Polymer Science, Mainz, Germany, by the CVD
procedure on copper foil and were subsequently transferred onto the de-
sired substrate using a wet chemical technique. For the purpose of this
work, quartz was mainly used as a support of the graphene film. Since the
CVD production of graphene is a relatively new method and the quality of
the graphene can be dependent on the fabrication laboratory, a thorough
photoemission characterisation of the sample was performed.
This section begins with an overview of the fabrication of CVD graphene-
on-quartz by our collaborators and continues with the the subsequent
in-house annealing treatment of the as-received G/Qu, which is proven
to be a crucial step to recover a clean graphene layer. The final sample
used throughout this work was the graphene-on-quartz sample after the
in-house annealing treatment. The purity of the graphene layer as probed
by XPS and UPS before and after the annealing treatment in UHV will be
discussed and representative spectra will be presented and described.
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5.1.1 Annealing of as-received graphene in UHV
An overview of the procedure leading to the as-received sample is shown
in Fig. 5.1. It is presented here, in order to underline the necessity of fur-
ther cleaning of the graphene sample after being prepared by our collab-
orators. In step (a), a mixture of methane and hydrogen gases flow in the
preparation chamber, while keeping a polycrystalline copper foil of thick-
ness 25 µm at 1020◦C, for 1 hour. At the end of this procedure, both sides of
the copper foil are covered by predominantly single layer graphene [20].
To enable the transfer of the CVD graphene sheets onto the desired sub-
strate, the top graphene layer is then covered by the protective polymethyl-
acrylate (PMMA) support [7, 21, 39]. Finally, the graphene sheet formed
on the bottom part of the copper foil is removed by plasma etching.
Figure 5.1: Schematic representation of the process of graphene fabricated by
chemical vapour deposition, the transfer to the desired substrate and the re-
moval of the polymethyl-acrylate (PMMA) polymer that supports and protects
the graphene layer from subsequent steps in the process.
In step (b), the PMMA/G/Cu sample is immersed in an acidic solu-
tion for 24 hours in order to etch the Cu foil away. After 24 hours, the
etchant solution is drained out followed by 3-4 cycles of water washing
leaving behind the free-standing PMMA/graphene membrane that can be
easily handled. Subsequently, the PMMA/graphene membrane is man-
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the surface purity was probed in-situ, by investigating the emissions that
appear in the C 1s and O 1s core level spectra, together with the valence
level spectra. Fig. 5.2 shows the XPS survey spectra of the CVD graphene-
on-quartz samples before and after annealing in UHV. Very importantly,
the only elements that are observed in the spectra are O, C and Si. Fe
and Cl that are present in FeCl3, which is the etching agent for the Cu foil
are not present in the spectra, suggesting that the graphene/substrate is
not contaminated by the etchant. The absence of these features is critical,
since any contamination from FeCl3 would effectively dope the graphene
[148]. Another significant feature contained in the survey spectra is that
after annealing, the emission intensity from Si, coming from quartz, in-
creases. This is explained by assuming that PMMA desorbs from the top
of graphene as a result of the thermal annealing. This causes an increased
intensity of photoelectrons stemming from quartz. Since the PMMA on
top of the graphene sheet is reduced, more photoelectrons can escape from
deeper layers in the sample and reach the electron analyser, enhancing the
substrate-related emissions.
C 1s core level spectra were measured for the as-received graphene-
on-quartz (G/Qu’), the G/Cu and the annealed G/Qu samples. Fig. 5.3
(a) shows three corresponding representative spectra.
After the wet chemical transfer using PMMA, G/Qu shows various
emission features in the C 1s core level spectrum in the region from BE
= 287 eV to BE = 289 eV, which are attributed to residual PMMA [147,
149] that remained on the graphene layer after the cleaning treatment per-
formed using hot acetone and thermal annealing at 200◦. After the an-
nealing treatment performed in UHV, these emissions are singificantly
damped and the chemical integrity of graphene is confirmed by compar-
ing the C 1s core level spectra of G/Qu and G/Cu in Fig. 5.3. The shift in
the binding energy of the peak maximum between G/Cu (284.2 eV) and
G/Qu (∼ 284.6 eV) is due to PMMA being a cause of a slight p-doping of
the graphene layer [150, 151]. After annealing, the C 1s core level peak
maximum of G/Qu is at ∼ 284.4 eV, as a high amount of PMMA leaves
the sample surface. The additional ∆E = 0.2 eV energy difference with re-
spect to the case of G/Cu is attributed to the different electronic coupling
of graphene with copper and quartz substrates [149].
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Figure 5.3: (a) C 1s core level spectra of graphene-on-copper (G/Cu - black),
of graphene-on-quartz before annealing (G/Qu’, red colour) and of graphene-
on-quartz after annealing in UHV (G/Qu, blue colour). (b) Steps of graphene
treatment in UHV to get from G/Cu to a clean G/Qu in UHV.
Quantitative C 1s core level analysis
Fig. 5.4a shows the C 1s spectrum of the cleaned G/Cu sample. The peak
was fitted by a single asymmetric Voigt profile, resembling the Doniach-
Sunjic function commonly used to deconvolute the emission profiles re-
sulting from X-ray induced photoelectrons emerging from metals [152].
The FWHM used was 0.5 eV.
The C 1s core level of graphene has to be fitted with an asymmetry in
the higher binding energy, since photoelectrons from the core levels are
interacting with the delocalised cloud of electrons present in the valence
band and thus lose some of their kinetic energy in their way out, giving
the asymmetric lineshape. [147, 152].
Fig. 5.4b shows the C 1s core level spectrum of the as-received G/Qu
together with the repeating unit of PMMA in the inlet. Five components
were needed to reliably deconvolute the spectrum and are explained in
the following. The C 1s core level emission stemming from sp2 hybridised
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Figure 5.4: C 1s spectra of a) as-received graphene on polycrystalline copper foil,
b) as received graphene-on-quartz, c) graphene-on-quartz annealed for 12 hours,
d) graphene-on-quartz annealed for 24 hours. The inlet in b) shows the monomer
of PMMA.
carbon atoms in the graphene layer is located at BE = 284.4 eV [147] (grey
colour). This peak was constrained to the same Voigt function parameters
as the C 1s core level in G/Cu, but with a higher FWHM = (0.65-0.7) eV.
The C 1s core level emission with peak maximum at BE = 285.4 eV (red
colour) is attributed to sp3 hybridised C-C at, that can be contained in the
PMMA. Emissions from ambient contamination are located at this BE, so
the unambiguous assignment of this peak is not possible. At BE = 286.4 eV
there are also emissions attributed to sp3 hybridised carbon atoms, that are
shown in the inlet containing the PMMA structure in Fig. 5.4b. As before,
emissions from contaminants from ambient can be situated at this BE. At
BE = 287.1 eV (green colour) emissions from the carbon on the C-O group
in PMMA are located and at BE = 289 eV, (purple colour) there are the
emissions from the carbon on the O-C=O group.
By measuring the area of each deconvoluted peak, it is found that ca.
44 % of the graphene surface is covered with the PMMA prior to the an-
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nealing treatment in UHV. Fig. 5.4c shows the C 1s core level of G/Qu
after annealed in UHV for 12 hours. After the annealing procedure, the
emissions stemming from PMMA result to 22 %.
Annealing of the G/Qu samples up to 24 hours, results to even fur-
ther reduction of the PMMA. Fig. 5.4d shows the deconvolution of the
C 1s core level of G/Qu annealed for 24 hours. In this case, the PMMA
emissions are 17 %. Despite the prolonged annealing in UHV, the sp3 type
carbon contaminations are never completely eliminated from the surface
of graphene. This results since some of the contaminants can be trapped
on specific sites in graphene, such as defects, or at the boundaries between
the different two-dimensional crystallites that are a result of the nucleation
in the CVD process [149]. In addition, these contaminants could be also lo-
cated between the graphene and substrate (quartz). In this case, these con-
taminants are well trapped under the graphene layer with low probability
of being removed [149].








G/Qu as-received 0.56 0.23 0.08 0.05 0.08 0.44
G/Qu annealed
12h
0.78 0.15 0.07 0 0 0.22
G/Qu annealed
24h
0.83 0.13 0.04 0 0 0.17
Table 5.1: Fractions of distinguishable chemical species obtained from
the deconvolution of the C 1s core level emission of graphene-on-quartz
(G/Qu).
The quantification of the emissions stemming from graphene and from
contaminations are summarised in table 5.1. A surface with contamination
as low as 17 % could serve as a virtually clean surface to form the hybrid
structure using organic molecules.
Fig. 5.5 shows the O 1s core level spectra of the G/Qu substrate be-
fore annealing in UHV for 24 hours (black spectrum) and after anneal-
ing (red spectrum). The spectrum contains emissions from the underlying
quartz [147, 153], PMMA [154] or water trapped between graphene and
the substrate [145, 146]. The spectra are difficult to deconvolve unambigu-
ously, however, two features are clearly distinguished. Before the anneal-
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ing treatment, the feature at BE = 534 eV is attributed to emissions from
the oxygen coming from SiO2 in the underlying quartz support [153], wa-
ter trapped between graphene and support [155], and PMMA [154]. Com-
bining these results with the C 1s core level spectra, the feature at BE =
532.3 eV is attributed to PMMA, since, after annealing, this emission dis-
appears, confirming the absence of C=O or C-O groups from the surface.
Figure 5.5: Representative O 1s core level spectra of graphene-on-quartz before
and after annealing for 24 hours at 500◦ C.
Valence level analysis
SECO and valence level spectra of G/Qu before and after annealing were
recorded using UPS. Fig. 5.6a shows that the work function of the PMMA-
contaminated G/Qu is at 3.85 eV and only after the UHV annealing re-
covers the value of 4.45 eV, which corresponds to the work function of
graphene [156, 157]. Fig. 5.6b shows that, the as-received sample shows
a valence electronic structure governed by emissions stemming from
the PMMA [158]. After annealing, the valence electronic signature of
graphene is clear in the spectra [156]. The emissions with peak maxima at
∼ 3.2 eV (labeled I in Fig. 5.6), ∼ 6.3 eV (labeled II in Fig. 5.6) and ∼ 8 eV
(labeled III in Fig. 5.6) are attributed to the pi band, the crossing between σ
and pi bands and σ band respectively. This provides further evidence that
the as-received sample has the majority of the surface still covered with
the spin-coated PMMA and proves the necessity of prolonged annealing
of the graphene sheet in order to get sufficiently clean again.
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Figure 5.6: Representative a) SECO spectra and b) valence level spectra of
graphene-on-quartz before and after annealing in ultrahigh vacuum.
5.1.2 Conclusion
In this section, the procedure for preparing the as-received CVD graphene-
on-quartz was discussed, together with the characterisation of the as-
received and the UHV annealed samples. The UHV annealing results in
a significant reduction of the contamination on top of the graphene, as
evidenced by XPS and UPS measurements. Thus, it was confirmed that
the graphene could serve as a sufficiently clean surface to be used for
the adsorption of a subsequent organic semiconductor and to study the
electronic and structural properties of the interface formed.
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5.2 Functionalisation of graphene with HATCN
The molecular acceptor HATCN has been found to exhibit a transition be-
tween lying and vertically inclined monolayer on Ag(111) and Au(111),
depending on the molecular density in the monolayer. It was successfully
used e.g., as a HIB tuner [88, 120], as a ”decoupling” interlayer between
Ag(111) and C60 molecules [121], as an electron acceptor on Alq33 precov-
ered Ag(111) [89] and as a work function tuner for indium tin oxide (ITO)
[64]. The main characteristic of this electron acceptor is its highly electron
deficient molecular core that causes it to avoid pi stacking [131].
The molecular orientation and electronic structure of HATCN on
G/Qu were studied in detail using XPS, UPS and NEXAFS. The results
for the HATCN/G/Qu system were supported and were consistent with
DFT calculations from our collaborators. The molecular acceptor was de-
posited as well on G/Cu, in order to compare the electronic structure of
these systems with G/Qu. In addition, an analysis about the occurrence
of push-back related phenomena on graphene/graphitic substrates was
performed.
5.2.1 Electronic properties of HATCN on graphene-on-quartz
Valence electronic structure
Fig. 5.7a,b depict the SECO and valence region spectra (recorded in nor-
mal emission), of increasing nominal thickness (θ) of HATCN adsorbed on
graphene-on-quartz.
The work function of pristine graphene-on-quartz is 4.5 eV and in-
creases incrementally by a total of ∆Φ = 1.2 eV upon sequential deposition
of HATCN, saturating at a value of Φ = 5.2 eV. Fig. 5.7c is a plot of the Φ
against nominal mass thickness of HATCN (θ) deposited on G/Qu. The
plot clearly shows an abrupt linear increase of the work function by 0.4 eV
up to a θ = 2 nm, amounting to a work function of 4.9 eV. After ca. 2 nm,
the work function continues to increase sub-linearly, until it saturates at
Φ = 5.7 eV at ca. 12 nm nominal thickness. From the profile of the work
function evolution, the growth mode points towards very late filling of
the first monolayer of HATCN on graphene, since the saturation of the
work function happens at a coverage of θ ∼ 12 nm.
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Figure 5.7: a) SECO evolution and b) Valence band evolution upon HATCN
deposition on graphene-on-quartz (G/Qu), c) Work function change (Φ) vs.
HATCN nominal thickness (θ).
The valence level spectra correspond, from bottom to top, to pristine
graphene-on-quartz and the subsequent HATCN thickness-dependent se-
ries up to nominally 12.8 nm of HATCN. With increasing nominal thick-
ness of HATCN, the emissions stemming from graphene get damped very
slowly. At θ = 0.2 nm, the molecular features start to get identifiable, how-
ever, only at θ = 1.6 nm the HOMO of HATCN forms a clear distinguish-
able peak in the spectra. At this nominal thickness, the HOMO onset and
HOMO peak maximum are located at BE = 4 eV and BE = 5 eV respectively.
The HOMO peak maximum then shifts by a total of 0.2 eV and is located
at BE = 4.8 eV. This shift can not be attributed to insufficient photohole
screening in the bulk, as in that case, the HOMO peak maximum would
shift to a higher BE. As it was previously reported, especially for HATCN
adsorbed on Ag(111), HATCN adopts a flat-lying orientation for the ini-
tial coverages and a density-dependent re-orientation occurs for higher
coverages [88, 120, 159]. Thus the shift in the HOMO peak maximum is at-
tributed to the existence of different molecular orientations between high
and low coverages [160].
Given the large work function increase, one would expect CT-related
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features arising due to CT between the molecule and G/Qu. This does not
occur, and can be corroborated by hypothesizing that only a small fraction
of the HATCN layer in contact with graphene needs to be in an anionic
state in order to establish thermodynamic equilibrium. Thus, emissions
from the LUMO-derived state, which can be present only in the first mono-
layer, are masked by photoelectron signals stemming from graphene and
neutral molecules. Hence, this feature is not experimentally accessible.
According to ref. [161], that performed a simulation of HATCN on the ex-
act system that was studied in this work, the LUMO of HATCN turns out
to be pinned around EF .
Core electronic structure
In Fig. 5.8a the spectra show the evolution of C 1s core level emissions
upon incremental deposition of HATCN on G/Qu. The spectral evolu-
tion shows an increasing intensity of HATCN-related emission features,
with peak maximum at BE = 287.1 eV and an attenuation of emission from
graphene at BE = 284.4 eV with increasing molecular coverage. The pres-
ence of graphene features at HATCN coverages as high as θ = 12.8 nm
readily evidences pronounced island growth of the molecule, since the
electron escape depth with the photon energy used (hv = 390 eV), is ∼
1 nm [111]. Fig. 5.8b shows the C 1s core level emission at the highest
HATCN coverage of θ = 12 nm. The chemical structure of HATCN, high-
lighting the carbon atoms in different chemical environment, i.e., carbon
atoms in CN groups (red) and carbon atoms in heterocycle (blue) are de-
picted in Fig. 5.8c. The deconvolution shows a 1:2 ratio of carbon atoms on
cyano-groups (red) to carbons on heterocycles (blue), as expected from the
chemical structure of HATCN. The emissions at higher BE are attributed
to shake-ups from the molecule.
Fig. 5.9a presents the N 1s core level spectrum with a zoom at the low
BE region (Fig. 5.9b) together with the chemical structure of HATCN, high-
lighting the different chemical environments for nitrogen in the cyano-
groups (blue) and nitrogen in the heterocycles (red) in Fig. 5.9c.
The N 1s core level emission maximum is located at BE = 400.3 eV. In
addition to this emission, which is attributed to the neutral HATCN an-
other low intensity emission is observed at BE = 399 eV. The presence of
the feature at the low BE side of the main feature is attributed to charge
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Figure 5.8: (a) Evolution of C1s upon HATCN deposition. (b) Deconvolution
of the C 1s core level at coverage (θ) = 12 nm, showing the carbon atoms in
the cyanogroups (red) and on the heterocycle (blue). (c) Chemical structure of
HATCN, highlighting the carbon atoms in different chemical environment with
red (cyanogroups) and blue (heterocycles).
transfer occurring at the interface, i.e., negative charge being transferred
from graphene to HATCN. By deconvoluting the N 1s core level spectra
for bulk coverage HATCN, the contributions of nitrogen atoms in the het-
erocycle (Nin) and those in the peripheral CN groups (Nout) can be clearly
distinguished; these two are separated by an energy difference (∆E) of
0.5 eV and are located at BE = 400.5 eV and BE = 400 eV, respectively.
Deconvolution of the interface feature due to CT, representing the neg-
atively charged molecules was performed using a fitting routine with two
components of identical intensity and FWHM and a constraint for the en-
ergy difference between them ∆E = 0.5 eV, as for the neutral HATCN. The
fitting uncovers two new states at BE = 399 eV and BE = 398.5 eV and yields
a peak-area percentage of (10 ± 1)% at 0.1 nm and 0.2 nm nominal cover-
age, (7 ± 1)% at 0.4 nm, and (5 ± 1)% at 0.8 nm coverage (Fig. 5.9b, insets)
for the negatively charged HATCN species compared to the neutral one.
The low-BE emission is damped and eventually quenched for θ ≥ 1.6 nm
by emissions from the neutral HATCN molecules adsorbed on top of the
first monolayer. The quenching of this emission at higher coverages ver-
ifies that it is indeed an interface feature resulting from electron transfer
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Figure 5.9: a) Deconvolution of the N 1s emissions from HATCN with (b) zoom
at the low binding energy region. c) Chemical structure of HATCN, with the
nitrogens in different chemical environments highlighted with blue for cyano-
groups and red for heterocycle.
from graphene to the molecules in direct contact with graphene.
Another interesting feature observed in the N 1s core level spectrum is
the presence of neutral HATCN already at very low θ values, indicating
that multilayer formation proceeds most likely already before the mono-
layer is completed (Volmer-Weber growth), in agreement with the work
function evolution.
5.2.2 Electronic properties of HATCN on graphene-on-copper
Valence electronic structure
In Fig. 5.10 the evolution of the SECO (a) and the valence electronic
structure (b) upon deposition of HATCN on G/Cu is presented. A sim-
ilar sub-linear evolution of the work function is observed, as shown in
Fig. 5.10c) indicating that the growth proceeds in a very similar way as
the HATCN/G/Qu system, as discussed above. The initial Φ of G/Cu
is 4.3 eV. At bulk HATCN coverage, Φ saturates at 5.3 eV, presenting a
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∆Φ of 1 eV. The valence electronic structure is a convolution of features
arising graphene and Cu. The emission with peak maximum at 1.5 eV and
onset at 0.8 eV in the low binding energy region, close to EF stems from
oxidized Cu [162]. The pi band emission from graphene is clearly evident
at BE = 3 eV (peak maximum) and disappears at bulk HATCN coverage.
Very interestingly, and in contrast to previous studies of HATCN de-
posited on Cu(111)[163], no interface features were observed near the
Fermi level, in a very similar fashion to the HATCN/G/Qu system. In
that study, the rather strong interaction between HATCN and Cu(111),
induces the chemisorption of the molecular acceptor on the metal. This
is manifested in the UPS spectra as an additional emission feature cutting
EF . This feature is the former LUMO of the neutral molecule, that gets
partially populated upon adsorption on the metal. The absence of similar
features for HATCN adsorbed on G/Cu, suggests that the graphene sheet
acts as a decoupling layer, preventing the metallic orbitals to hybridise
with the molecular ones. In the case of G/Qu, the resulting interaction is
a weak physisorption of the molecule on graphene, with a low amount
of charge being transferred to the LUMO of the molecule. The absence of
observable emissions near the Fermi level indicates that the concentration
of charged molecules is very low to be detected by UPS, as observed for
HATCN/G/Qu, and as it will be explained in the following section.
Figure 5.10: a) SECO evolution and b) Valence band evolution upon HATCN
deposition. c) Work function change (Φ) vs. HATCN nominal thickness (θ).
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Core electronic structure
Fig. 5.11a shows the evolution of the C 1s core level emission region
upon incremental deposition of HATCN on graphene-on-copper. In a
very similar fashion as with the HATCN/G/Qu system, the C 1s emis-
sion from graphene is reduced in intensity and at the same time the
features arising from the HATCN C 1s increase in intensity. Despite the
fact that graphene-on-copper is in principle much flatter and uniform than
graphene transferred on other substrates[147], the growth mode proceeds
in a very similar fashion, since graphene features are presented up to the
bulk HATCN coverage (θ = 12.8 nm). This provides evidence that the
growth mode is not dependent on possible corrugation or contamination
of graphene due to any residual polymer residing on top, but it is a result
of graphene/molecule and molecule/molecule interactions.
The N 1s core level emissions were also fitted and shown in Fig. 5.11b,
in a procedure similar to what was used for the N 1s of HATCN/G/Qu.
The two emissions stemming from the cyano-groups, Nout (blue) and
heterocycles, Nin are shown. They appear at the same binding energies
of 400.5 eV (N 1s in heterocycles) and 400 eV (N 1s in cyano-groups).
The deconvolution contains the two additional features arising from the
electron-enriched HATCN species at lower binding energy, with ∼ 10
% emission intensity, compared to the entire peak, very similar to the
Figure 5.11: Evolution of C 1s emission region upon HATCN deposition
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HATCN/G/Qu case. The emissions stemming from the charged HATCN
species are shown in Fig. 5.11c-e, for nominal thicknesses of 0.1 nm, 0.8
nm and 12.8 nm. The low amount of charged species in the monolayer,
can now explain, very similar to the HATCN/G/Qu system, the absence
of emissions resulting from the populated LUMO of the molecule in the
UPS spectra.
5.2.3 Push-back effect on graphitic surfaces
Previous studies have reported an initial decrease of the work function of
the substrate upon (sub-)monolayer HATCN adsorption, on metals, e.g.,
atomically clean Ag(111) or Au(111) [88, 89, 121], as well as metal oxides,
e.g., indium tin oxide (ITO) [64, 78]. The initial decrease of the work func-
tion was attributed to push-back effect. This occurs, due to the excess
electronic distribution spilling out of the surfaces of these systems. Af-
ter they are interfaced with another material - organic molecules in this
case - the spilled-out electrons are forced to (partially) reenter into the
bulk due to the Pauli exclusion princile, inducing a change of the surface
dipole [61, 74, 80]. For the case of graphene-on-quartz and graphene-on-
copper, no similar decrease in the work function was observed upon (sub-
)monolayer coverage of HATCN. The absence of push-back on graphene
can be attributed to two reasons: a) the graphene-on-quartz is not atomi-
cally clean, since PMMA residues can still be located on the surface, even
after the prolonged high temperature annealing in UHV. Thus, the push-
back effect would already occur by the PMMA remnants on the surface
and b) due to the linear band dispersion of graphene, the density of states
at the Fermi level vanishes (see Fundamental section). Thus, the result-
ing electronic cloud spilling out of graphene is negligible and produces no
UPS-observable energy shifts.
It should be noted that previous studies invoking adsorption of organic
molecules on graphene with a virtually atomically clean surface, e.g., for
graphene thermally grown on 6H-SiC(0001) [100] or for graphene synthe-
sised by the CVD process on n-doped 4H-SiC(0001) [164] did not report
an observable push-back effect as well.
In order to study any push-back related phenomenon, HATCN the
work function evolution is monitored for G/Cu and G/Qu and the molec-
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ular acceptor was deposited on HOPG as well. The work function vs the
nominal thickness is plotted in Fig. 5.12. For all of these graphitic surfaces,
no push back effect was observed with UPS. The absence of any detectable
push-back also on HOPG thus, very likely does not stem due to PMMA
remnants on the surface, but instead, it originates from the lower free va-
lence electron density of these graphitic systems than metals or metal ox-
ides.
Figure 5.12: Work function evolution upon HATCN deposition on HOPG,
graphene-on-quartz (GQu) and graphene-on-copper (GCu) up to a coverage of
12 nm HATCN. The inset shows a zoom for the evolution of the work function
until 0.8 nm.
5.2.4 Molecular orientation
To obtain insight into the molecular orientation of HATCN in the mono-
layer (deposited on graphene-on-quartz), NEXAFS was performed for θ =
0.3 nm (Fig. 5.13a) and θ= 1.2 nm (Fig. 5.13b). Since, from the XPS and UPS
results, the growth seems to be dominated vastly by island growth, NEX-
AFS was selectively performed at sufficiently low coverages, as to ensure
that the island formation is minimum and the coverage was still in the
monolayer regime.
Fitting the intensity ratio of the two experimentally resolved peaks as a
function of polarization incidence angle [119] for the two coverages inves-
tigated verifies the existence of two different orientations of the molecule
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on the surface. For θ = 0.3 nm we find a fitted molecular inclination an-
gle of ψinc = (10 ± 5)◦ with respect to the graphene surface, suggesting
essentially flat-lying HATCN in the lowest coverage regime. For θ = 1.2
nm, the fitting yields an inclination angle of ψinc = (40 ± 5)◦, indicating
significantly vertically inclined HATCN molecules at that coverage.
At this point, it should be pointed out that since NEXAFS is an area-
averaging technique, different orientations may actually coexist. Thus,
one might speculate that molecules in the monolayer are flat-lying and
that molecules only in the multilayer are vertically inclined. However, the
data also allow an interpretation that includes a coverage-dependent (or
molecular density-dependent) re-orientation of HATCN molecules from
flat-lying to vertically inclined already in the monolayer, in analogy to
what has been reported for the growth of HATCN on Ag(111) [120]. As
it will be shown in detail in the theoretical section, the calculations favour
this second growth model, based on total energy considerations.
The two different orientations in conjunction with the pronounced is-
land growth account for the gradual decrease and eventual disappearance
of the interface emission feature (assigned to the monolayer molecules
with CT interaction with graphene) in the XPS spectra (Fig. 5.13c) for θ
≥ 1.6 nm. Bi- and multilayer formation sets in very early, with neutral
HATCN located in upper layers, which attenuate the interface emission,
since the electron escape depth is around ∼ 1 nm for the kinetic energies
selected in this study [111].
5.2.5 Theoretical modelling
Modelling of N K-edge of free HATCN
In Fig. 5.14 the NEXAFS simulations were performed by our collabora-
tors and are presented here. The simulations were performed for a free
HATCN molecule to help identifying the two main components in the
experimental spectra peaking at photon energy 400.9 eV and 402.2 eV, re-
spectively. The lowest energy peak in the experimental spectra seems to
involve two N 1s → pi∗(pz) transitions. These two transitions are not ob-
served in the experimental spectra, since the experimental resolution con-
volutes these two peaks into a single one. The lowest-energy peak is local-
ized on the nitrogens of the CN groups and the one at 0.2 eV higher energy
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Figure 5.13: Series of NEXAFS spectra as a function of incidence angle Ψc from
normal incidence (0◦) to grazing incidence (90◦) of the pi∗-region at the N K-edge
for a 0.3 nm (a) and a 1.2 nm (b) thick HATCN film grown on graphene-on-quartz.
c) and d) are plots of the relative pi∗-orbital intensities as a function of the photon
incidence angle Ψc. The solid curve corresponds to the best fit of the intensity
evolution of the molecule giving aromatic plane tilt angle of 10◦ (a) and 40◦ (b).
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relates to the nitrogen atoms in the heterocycle. The transition at 402.2 eV
corresponds to the N 1s→ pi∗(pxy) transition within the CN groups.
Figure 5.14: Calculated NEXAFS spectrum for free HATCN molecule showing
the intensity distribution of the three dominant peaks.
Modelling of molecular orientation
To understand the effect of different molecular orientations with respect to
the graphene surface on the electronic properties, DFT calculations were
performed by our collaborators. In addition, these calculations also pro-
vide additional insight into the most plausible growth mode, as mentioned
previously.
Starting from a flat-lying conformation, the angle between the HATCN
plane and the plane of graphene was increased in steps of 20◦ until an
edge-on conformation was reached (Fig. 5.15a). A large supercell was used
in order to suppress interactions between neighboring molecules. In this
case, the system is effectively in a low-density regime. For all orientations,
a CT of 0.35 e-/molecule (0.14 e−/nm2) was found, resulting in a work
function change ranging from ∆Φ = 0.55 eV (for 0◦, i.e., flat-lying) up to
∆Φ = 1.27 eV (90◦, i.e., edge-on), as shown in Fig. 5.15b.
Further investigations were performed with smaller supercells to in-
clude also intermolecular interactions between neighbouring molecules,
i.e., effectively bringing the system into a ”high-density” regime. In par-
ticular, four structures were studied, shown in Fig. 5.16: (a) flat-lying
HATCN, (b) & (c) two HATCN dimers with different intermolecular dis-
placements standing edge-on (90◦), and (d) a HATCN dimer inclined 45◦
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Figure 5.15: Low-density case regime, showing (a) schematic representation of
the relative orientation of HATCN molecules with respect to the graphene surface
(b) calculated change in work function (∆Φ) as a function of inclination angle.
with respect to the graphene plane. Adsorption energies, Eads, per unit
cell for monolayers of HATCN on graphene (thus encompassing both
interactions with the graphene surface and among neighboring HATCN
molecules) are shown in Fig. 5.16e. The results show that the flat-lying
and edge-on configurations have similar adsorption energies of Eads = -
0.9 eV, while the 45◦ vertically inclined structure is much more stable with
Eads = -1.2 eV. This arises from the trade-off between surface-molecule and
molecule-molecule interactions, with the 45◦ tilting angle corresponding
to a sliding of neighbouring molecular planes close to the one observed in
the crystal structure [131]. Moreover, this model structure results in ∆Φ =
1.5 eV, close to the experimentally observed value of ∆Φ = 1.2 eV.
Summary
By combining the experimental and theoretical results, a coherent picture
for the significant work function increase of G/Qu upon HATCN deposi-
tion, and its evolution as function of nominal coverage can now be con-
structed. Up to θ ∼ 0.4 nm, HATCN arranges in a flat-lying, low-density
monolayer on graphene and generates an abrupt work function change
∆Φexp,0◦ = 0.5 eV via a CT induced interface dipole (ID) (Fig. 5.17b), in
very good agreement with the theoretical simulations where a value of
∆Φsim,0◦ =0.55 eV was obtained. The CT is manifested experimentally as
the low BE emission in the N 1s spectra (Fig. 5.9b. This comes in agree-
ment with the theoretical simulations as shown in Fig. 5.17a. Intuitively,
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Figure 5.16: High density case. (a) flat lying HATCN (left: top-view, right: side-
view, supercell surface 1.90nm2), (b) dimer a inclined at 90◦ (supercell surface
1.49nm2), (c) dimer b inclined at 90◦ (supercell surface 1.08nm2), (d) dimer b in-
clined at 45◦ (supercell surface 1.69nm2), (e) Adsorption energy and change in
work function (∆Φ) for the four orientations.
the (partial) negative charges are localized at the nitrogens, since they are
the electron withdrawing groups.
Noteworthy, peak fitting yielded a peak-area-fraction of only about
10 % of charged species vs. neutral ones. This discrepancy may have
two reasons: (i) The pronounced Volmer-Weber growth, where multi-
layer HATCN may mask the signal from those HATCN molecules that
directly interact with graphene. (ii) In the actual experiment the charge
transfer to HATCN may be integer, i.e., not fractional as returned by
simulations. However, the surface electrostatics are governed by the
area-averaged charge distribution, and the co-existence of neutral and an-
ionic HATCN molecules in the monolayer could result, as shown recently
for C60 molecules adsorbed on a molecularly modified metal electrode
[165, 166]. As θ increases, the system comes into the high-density regime
and the molecules arrange vertically inclined (most likely at ca. 45◦) to
minimize the system Eads, as revealed by DFT calculations. In this con-
formation, the work function is further increased as the nominally same
CT/molecule induces a larger ID. At an inclination of 45◦, the distance be-
tween the ”centre” of negative charge (d) lies further away from graphene
and according to µ = q ∗ d (µ electric dipole, q charge, d distance be-
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tween charges) the interface dipole (ID’) increases due to the increased
distance (Fig. 5.17c). This re-orientation in the high density regime unrav-
els the second, additional ∆Φ observed in Fig. 5.7c. This work function
change occurs very slowly as function of nominal coverage due to the
pronounced island growth, and a high nominal coverage is required to
close the vertically inclined monolayer.
Figure 5.17: (a) Charge re-distribution of lying HATCN on graphene with
molecule overlaid on top. Red represents build-up of negative charge and blue of
positive charge, (b) Interface dipole (ID) for lying HATCN and (c) ID’ when it is
inclined at 45◦.
A summary of the HATCN/G/Qu interface growth mode is given in
Fig. 5.18. The very first molecules adsorb flat-lying on the surface (0.3
nm), as the molecular density is too low to find neighbours and form
dimers. At higher coverages (1.2 nm) the flat-lying molecules in the mono-
layer re-orient (marked green with dashed green outline) to form a verti-
cally inclined (sub)monolayer, with simultaneous multilayer formation.
At even higher coverages (θ ≥ 3.2 nm), pronounced islanding occurs, but
still molecules (marked green with dashed black outline) find the path to
the bare graphene sheet and hence contribute to further increase the work
function Φ via the CT mechanism described above. The molecules in di-
rect contact with graphene are coloured green, while the molecules on the
second layer and in the islands (not in contact) with the graphene sheet
are marked grey.
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Figure 5.18: Model of growth of HATCN on graphene, showing the flat lying
(sub)monolayer (0.3 nm), quasi vertically inclined (sub)monolayer (1.2 nm), ver-
tically inclined (sub)monolayer with islands (1.6 nm) and molecules still reaching
the surface at higher coverage (3.2 nm).
Energy level alignment
Fig. 5.19 shows a schematic of the energy level alignment occurring upon
deposition of HATCN on G/Qu.
Before contact, the work function of G/Qu is at 4.5 eV. The theoret-
ical I.E. and E.A. of HATCN are 9.1 eV and 4.7 eV respectively. When
the HATCN is lying on G/Qu (Fig. 5.19b), the ∆Φ = 0.5 eV, giving rise
to the initial and abrupt work function increase. Upon the reorientation
of HATCN (Fig. 5.19c) to 45◦, once the coverage is increased, ∆Φ finally
reaches 0.7 eV, resulting to the final Φ = 5.7 eV. Since no shift is observed
in the valence band or the C 1s core level of graphene, EF is assumed
to coincide with ED. A possible reason for that, is that only a very low
amount of HATCN is needed to be negatively charged on the surface of
graphene, in order for equilibrium to be re-established (as observed also
in the N 1s core level results, see Fig. 5.9a). This means that there is only
a very low concentration of positive charges accumulated in the graphene
layer to induce any observable shift in the valence- or core- level spectra
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of graphene.
Figure 5.19: Energy level diagram (a) before adsorption of HATCN on graphene-
on-quartz (G/Qu), (b) for HATCN adsorbed flat-lying on G/Qu and (c) for
HATCN adsorbed vertically inclined on G/Qu.
5.2.6 Conclusion
The main result of this study is that the work function of graphene
supported-on-quartz can be continuously tuned from 4.5 eV up to 5.7 eV
upon depositing the strong molecular acceptor HATCN. The mechanism
for this huge work function increase is attributed to a charge transfer be-
tween graphene and HATCN, and the complex behaviour of the work
function as function of nominal coverage is rationalized by the combina-
tion of a density-dependent re-orientation of HATCN in the monolayer ac-
companied by pronounced overall Volmer-Weber growth of the molecular
film. Angle-dependent DFT calculations together with NEXAFS measure-
ments show that HATCN initially forms a flat-lying (sub)monolayer that
increases the work function by 0.5 eV at low coverage, and a re-orientation
of HATCN molecules on graphene to ca. 45◦ with respect to the graphene
surface occurs at higher coverages. This is driven by a competition of
minimizing the surface energy of graphene on one hand and maximiz-
ing molecule-molecule interactions on the other hand. The re-orientation
causes a larger overall interface dipole that raises Φ by an additional 0.7 eV
compared to the flat-lying acceptor layer.
5.2 Functionalisation of graphene with HATCN 83
HATCN was additionally deposited on G/Cu and HOPG, showing a
very similar work function evolution, with no detectable push-back. The
deposition of HATCN on these two flatter and more pure substrates, con-
firms that the growth of the molecule on graphene is not dependent on the
possible corrugations, defects and contaminations that can be present on
the transferred graphene sheet.
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5.3 Functionalisation of graphene with F6TCNNQ
The molecular acceptor F6TCNNQ has already been used as p-dopant for
organic semiconductors and was proved to improve the efficiency of de-
vices, e.g., organic transistors and OLEDs [124, 125, 167, 168].
F6TCNNQ was deposited on G/Qu and G/Cu, to study the work func-
tion change as the molecular acceptor is adsorbed on graphene as well as
to exemplify whether the underlying graphene support plays a role in the
charge transfer. Using UPS and XPS, electron transfer to the F6TCNNQ
was demonstrated and induced an increase in the work function of 1 eV
(G/Qu) and 1.3 eV (G/Cu). NEXAFS was performed in order to study the
orientation of the molecule when adsorbed on G/Qu. The results concern-
ing the F6TCNNQ/G/Qu were supported by DFT calculations from our
collaborators.
5.3.1 Electronic properties of F6TCNNQ on graphene-on-quartz
Valence electronic structure
Fig. 5.20 shows the UPS spectra upon incremental deposition of F6TCNNQ
on G/Qu. With increasing nominal mass thickness, the SECO shifts and
yields an increase in Φ from the initial value of Φ = 4.5 eV to the saturated
value of Φ = 5.5 eV, at a coverage of 0.4 nm, as shown in in Fig. 5.20a. The
saturation of the work function is reached at a much lower coverage, in
contrast to the case of HATCN adsorbed on graphene, indicating that a
complete monolayer of the acceptor is readily formed with much lower
amount of molecule being sublimed.
At a nominal mass thickness of θ = 0.2 nm, a rigid shift of the valence
level spectrum by ca. 0.6 eV towards higher BE is observed, as shown in
Fig. 5.20b. The red dotted lines in Fig. 5.20b indicate the shift of the σ
and pi bands of graphene, which initially exhibit their peak maxima at ca.
8 eV BE and ca. 3.4 eV BE respectively. This energy shift is due to electron
donation from the graphene sheet to F6TCNNQ, that leaves excess holes
accumulated in the graphene sheet, that causes p-type surface CT doping
[56, 100, 169–171]. The p-doping is manifested energetically as a shift in
the Fermi level of graphene. Thus, its entire valence level spectrum shifts
towards higher BE.
5.3 Functionalisation of graphene with F6TCNNQ 85
Figure 5.20: a) SECO onset b) valence level c) zoom of valence level spectra upon
deposition of F6TCNNQ on graphene-on-quartz. The red dotted line in (b) shows
the energy shift of the valence level spectrum and in (c) the molecular valence
level spectrum, after the graphene spectrum is subtracted as background.
This energy shift is accompanied by the appearance of two new photo-
electron signals in the valence level region, labelled H* and L* with their
peak maxima located at BE = 1.3 eV and BE = 0.6 eV respectively, as de-
picted in Fig. 5.20c. In order to obtain the molecular spectrum (at θ = 0.4
nm), without the contribution from graphene, the graphene photoelectron
signal was subtracted. The subtracted spectrum clearly shows the two
features H* and L* near the EF region and is depicted with the red dotted
line in Fig. 5.20c. Similar interfacial electronic states have been reported
in the case of F4TCNQ for e.g., the F4TCNQ/Au(111) interface [22] and
F4TCNQ/graphene (epitaxially grown on SiC(0001)) [100]. The L* feature
is assigned to emission from the former LUMO of the neutral molecule,
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that now becomes populated, while the H* feature is assigned to emission
stemming from former HOMO of the neutral molecule, which now gets
energetically relaxed due to the reorganisation of the charges within the
molecule, upon charge transfer. For the neutral molecule in the gas phase,
the calculated IE = 7.41 eV and the EA = 5.17 eV (calculated using PBE0
functional and 6-31Gdp basis set), resulting in an energy gap of 2.23 eV.
Thus, the energy separation of these two states is ca. 0.7 eV, much lower
than the HOMO-LUMO gap of the neutral molecule. Such a drastic re-
duction in the energy gap between the frontier orbitals indicates a strong
interaction between the molecular acceptor and the graphene layer [172].
After multilayer coverage of F6TCNNQ on G/Qu, the features H* and
L* are attenuated but do not get completely quenched, indicating non-
uniform coverage of the substrate and the formation of islands. At θ = 50
nm, an emission feature attributed to the HOMO of the neutral molecule
is clearly visible, exhibiting a peak maximum at BE = 2.8 eV and onset at
BE = 2 eV. Using the HOMO onset, the I.E. of the molecule in the bulk is
7.5 eV, very close to the calculated I.E. of the molecule in the gas phase.
Acquisition of the UPS spectra at emission angle (α) of 30◦ (see Fig. 5.20b,
reveals two features with ∆E = 0.3 eV. The two peaks are attributed to the
HOMO and HOMO-1 of the neutral molecule, with peak maximum at BE
= 3 eV (onset at 2 eV) and 3.3 eV respectively.
Core level analysis
Fig. 5.21 shows the C 1s, N 1s , F 1s and Si 2p core level spectra as a func-
tion of F6TCNNQ coverage on G/Qu. The C 1s core level of graphene
shifts from BE = 284.5 eV to BE = 283.9 eV, after deposition of θ = 0.2 nm,
accompanying the rigid shift of ∆E = 0.6 eV observed in the valence level
spectrum. Emission from the graphene C 1s core level is strongly attenu-
ated with increasing molecular coverage, however emissions are still visi-
ble in the spectrum even up to θ = 50 nm, suggesting strong island growth.
Combining the C 1s evolution together with the Φ evolution, that satu-
rates already at θ = 0.4 nm, at the coverage where the monolayer is pre-
sumably filled, the most probable mechanism of the film growth mode
is concluded to be Stranski-Krastanov, where the molecules first proceed
to form a closed monolayer on the surface and the subsequent molecules
grow as islands on top of this first filled monolayer. Two new peaks are
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observed in the C 1s core level region at BE = 287.4 eV and BE = 286 eV and
are assigned to emissions from the CF groups and the CN groups together
with the rest of the carbons in the heterocycle, respectively.
The N 1s core level spectra are deconvoluted using four Voigt com-
ponents, as shown in Fig. 5.21b. The peak at BE = 397.5 eV (red colour)
is assigned to emission from electron enriched F6TCNNQ, in direct con-
tact with the graphene layer, very similar to the already reported N 1s
feature of anionic F4TCNQ on epitaxially grown graphene on SiC(0001)
[56, 100, 173]. At θ = 0.1 nm, i.e., at sub-monolayer coverage, the N 1s spec-
trum contains only the CT-related peak, proposing that at this coverage, all
the adsorbed molecules are electron enriched due to the CT occurring at
the interface.
The peak at BE = 399.4 eV (blue colour), is clearly visible at θ = 0.2
nm and is assigned to emissions from nitrogens in two different environ-
ments: a) nitrogens in the neutral molecules that are located in the first
monolayer that did not accept electrons from graphene, and b) nitrogens
in neutral molecules located in multilayers. At multilayer coverage, the
peak maximum of this feature shifts incrementally towards lower BE, and
it saturates at BE = 399 eV at θ = 1.6 nm. This effect can have two origins:
a) different molecular orientations in the multilayer coverage, resulting in
different IEs of the molecule [160] or b) different screening of the photohole
by the molecules than by the graphene layer. Since the first monolayer in
direct contact with graphene is assumed to be complete at a coverage of ca.
0.4 nm, the fact that emissions from nitrogens located in neutral molecules
are already present at nominal mass thickness of 0.2 nm supports growth
of molecular islands already starting at sub-monolayer coverage.
The peaks at higher BE (green and orange colour) are attributed to
shake-ups and are present already at very low coverage, since the screen-
ing of the photohole created during the photoemission process is not effi-
ciently screened by the graphene layer, which is supported by an insulat-
ing substrate [100, 173, 174].
The CT-related feature is dominant at (sub)monolayer coverage, where
all the adsorbed molecules appear to be negatively charged, and by in-
creasing the film thickness the intensity of neutral F6TCNNQ increases.
This verifies that the CT occurs right at the interface between the molecules
that are in direct contact with graphene layer. Fig. 5.21c shows the F 1s
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Figure 5.21: Core level spectra showing the evolution of (a) C 1s, (b) N 1s (c) F 1s
and (d) Si 2p upon deposition of F6TCNNQ on top of G/Qu. The N1s spectrum
in (b) is fitted to uncover the underlying emissions.
spectrum of the molecule, which is at a constant BE = 687.4 eV from θ = 0.2
nm up to θ = 5 nm. No extra feature is observed at lower BE, as in the case
of the N 1s, showing that there is no electronic interaction of the fluorines
located on the periphery of F6TCNNQ with the graphene layer, similarly
to what was also observed for F4TCNQ related interfaces in previous stud-
ies [175] and as will be explained in the theoretical section later.
Fig. 5.21d depicts the Si 2p core level due to emission from the sup-
porting quartz (SiO2) and is located at BE = 101.9 eV. Since there is no
detectable energy shift in the BE of the Si 2p core level peak, it can be
concluded that none or minimal CT occurs between the molecule and the
underlying quartz support.
From the core level emissions, it is concluded that the withdrawn elec-
trons are mainly localised in the nitrogens of the CN groups, located at the
external part of the molecule.
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5.3.2 Electronic properties of F6TCNNQ on graphene-on-copper
Valence electronic structure
Fig. 5.22 shows the evolution of the valence level spectra of G/Cu with in-
creasing coverage of F6TCNNQ. With increasing nominal mass thickness,
the SECO shifts in a similar manner to the F6TCNNQ/G/Qu system and
yields a ∆Φ = 1.3 eV from the initial value of Φ = 4.35 eV to the saturated
value of Φ = 5.65 eV. The saturated work function is reached at a coverage
of θ = 0.4 nm, as shown in Fig. 5.22a.
The UPS spectra are dominated by emissions emerging from the un-
derlying polycrystalline Cu support, hindering the discrimination be-
tween Cu and graphene features. Thus, it is not possible to unambigu-
ously track any shift in the valence level spectra, as was observed in the
F6TCNNQ/G/Qu case. Accordingly to the G/Qu case, two new features
labelled H* and L* appear close to the BE and are depicted in Fig. 5.22c.
Their peak maxima are located at BE = 1.4 eV and BE = 0.7 eV respectively,
as shown by the UPS spectrum at θ = 0.4 nm with the pristine graphene
spectrum subtracted (red dotted lines). The energy separation is simi-
lar to the case of F6TCNNQ/G/Qu system, i.e., ∆E = 0.7 eV, revealing
a similar HOMO-LUMO gap renormalisation of the electron enriched
F6TCNNQ on G/Cu. Non-uniform coverage and island growth of the
G/Cu substrate is evident, since the interfacial electronic states H* and
L* are present up to multilayer coverage θ = 5 nm, similar to the case of
F6TCNNQ adsorbed on G/Qu.
Core level analysis
The XPS spectra of the associated core levels are shown in Fig. 5.22. The
C 1s core level due to emission from graphene (Fig. 5.22a) is initially at BE
= 284.4 eV and after deposition of θ = 0.4 nm F6TCNNQ it shifts towards
lower BE by ∆E = 0.4 eV. This shift is attributed to a potential difference
built between the copper support and the overlaid molecular acceptor, and
will be discussed in more detail in the theoretical section.
Upon further molecular deposition, no further shift in the BE is ob-
served. The molecule-related emissions in the C 1s core level region are
located at a lower BE = 286.3 eV for the carbons in the CF groups and BE
= 284.9 eV for the carbons in the CN groups when compared to the G/Qu
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Figure 5.22: a) SECO onset b) valence level spectra c) zoom of valence level spec-
tra upon deposition of F6TCNNQ on graphene-on-copper. Red dotted lines in (c)
indicate the molecular spectrum at θ = 0.4 nm, after subtraction of the pristine
graphene spectrum.
case, but the energy difference (∆E) between these two emissions is con-
stant at ∆E = 1.4 eV, similar to the G/Qu system. The appearance of these
emissions at lower BE is attributed to better photohole screening when
graphene is on conducting support, i.e. Cu, versus the insulating support,
i.e. quartz.
The N 1s core level spectra of the F6TCNNQ/G/Cu interface show sig-
nificant differences when compared to the F6TCNNQ/G/Qu system, as
depicted in Fig. 5.23b. Up to θ = 0.2 nm, a fitting routine with only a single
Voigt profile provides a satisfactory fit for the N 1s core level spectrum.
Similar to F6TCNNQ/G/Qu case, the peak at BE = 397.7 eV is assigned
to emission from the nitrogens in the molecule that have withdrawn elec-
trons from the underlying substrate. The absence of shake-up satellites
evidences the common behaviour in the case of a metallic substrate [176]:
the valence electrons with energy near the Fermi level of the metal read-
ily screen the photo-hole induced by the excitation of the photo-electron
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Figure 5.23: Evolution of a) C 1s, b) N 1s c) F 1s and d) Cu 2p3/2 upon deposition
of F6TCNNQ on graphene-on-copper. The N 1s spectrum contains the deconvo-
lution to the underlying emissions.
and consequently suppress shake-up satellites. For θ > 0.2 nm, the N 1s
core level emissions stemming from the neutral F6TCNNQ species start
appearing in the spectra and increase in intensity with increasing nominal
mass thickness. Interestingly, the molecular monolayer on the G/Cu sub-
strate has the majority of the molecules negatively charged, in contrast to
the G/Qu interface, where neutral molecules are present already at θ = 0.2
nm.
The F 1s core level spectrum, assigned to emissions from the fluorines
(Fig. 5.23c further corroborates more efficient photohole screening, as it
is also located at ∆E = 0.5 eV lower in BE than the F 1s core level when
the molecule is deposited on G/Qu. Furthermore, the core level emission
from the fluorines support, similar to G/Qu, that no, or minimal charge
is transferred into the the fluorines. The Cu 2p3/2 core level spectrum in
Fig. 5.23d shows the emission from the copper support, verifying that no
chemical interaction between the molecule and copper is present, since no
extra peak arises in the Cu2p3/2 spectrum.
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5.3.3 Molecular orientation
To obtain insight into the molecular orientation of F6TCNNQ deposited on
G/Qu in submonolayer and ca. monolayer coverage, NEXAFS was per-
formed for θ = 0.2 nm (Fig. 5.24a) and θ = 0.4 nm (Fig. 5.24b) respectively.
The transitions at the N K - edge are identified by NEXAFS simulations
that will be presented later on. Fitting the intensity ratio of the peak at
399.1 eV that corresponds to transition from N 1s→ pi∗ (pxy) as a function
of polarisation incidence angle, shown in Fig. 5.24c for θ = 0.2 nm and
Fig. 5.24d for θ = 0.4 nm, with the molecular orientation on the graphene
layer being ψinc = (23 ± 1)◦ and ψinc = (24 ± 1)◦. Given that NEXAFS is an
area-averaging technique, the result implies that the majority of molecules
are flat lying on G/Qu, in both sub-monolayer and monolayer coverages.
Figure 5.24: Series of NEXAFS spectra as a function of incidence angle Ψc from
normal incidence (0◦) to grazing incidence (90◦) of the pi∗-region at the N K-edge
for a 0.2 nm (a) and a 0.4 nm (b) thick F6TCNNQ film grown on G/Qu. c) and d)
are plots of the relative pi∗-orbital intensities as a function of the photon incidence
angle Ψc. The solid line corresponds to the best fit of the intensity evolution of
the molecule giving aromatic plane tilt angle of 23◦ (c) and 24◦ (d).
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5.3.4 Theoretical modelling
Modelling of N K-edge of free F6TCNNQ
In Fig. 5.25, the calculated NEXAFS spectrum of gas-phase F6TCNNQ is
presented. The simulations help to identify the three main transitions that
involve the nitrogens in the CN groups and are observed in the experi-
mental NEXAFS spectra. The lowest and highest energy transitions (at
photon energies 398 eV and 402.2 eV) involve N 1s → pi∗(pz) transitions
and are observed in the experimental spectra at photon energy = 396.6 eV
and photon energy = 402.2 eV, respectively. The peak at photon energy
401 eV involves N 1s→ pi ∗ (pxy) transitions and is observed in the experi-
mental spectra at 399.1 eV.
Figure 5.25: Calculated NEXAFS spectrum for free F6TCNNQ molecule, show-
ing the intensity distribution of the three dominant peaks.
Charge densities and band structures calculations
First principle calculations were performed in order to elucidate the
features observed in the valence region of the F6TCNNQ/G interface.
Fig. 5.26 shows the density of States (DOS) of graphene (black) and
F6TCNNQ/G (red). The quartz support was not implemented in the
following simulations, since, due to its highly insulating character it does
not affect the charge redistribution at the F6TCNNQ interface. Thus,

5.3 Functionalisation of graphene with F6TCNNQ 95
and graphene. In the case of copper, due to the push back effect, the sur-
face chemical potential of metal and graphene are not equal, thus, interface
CT leads to their final equilibration, with the common chemical potential
between graphene and copper being determined by the metal. The Dirac
point of graphene does not coincide with the EF of the metal, because the
Pauli exclusion interaction is negligible for graphene compared to the 3D
metal, leading to different modification of the vacuum level for each of
them.
Figure 5.27: Electronic band structures of (a) graphene (G) and (b) G on Cu
unit cells. Figures (c) and (d) show the electronic band structures of F6TCNNQ
adsorbed on top of (a) and (b) supercells respectively. The red circles indicate the
position of the Dirac point and the dashed line indicates the position of Fermi
level, which is set to zero. Calculations performed by A. Giannakopoulos (Uni.
Mons).
The push back induced reorganisation of the electronic density is vi-
sualised in the charge density plot in Fig. 5.28b. The plot shows excess
electron density at the Cu surface and reduced electron density close to
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graphene, resulting to the reduction of the work function. As a result,
electron transfer from Cu to graphene occurs. The resulting electron en-
richment in graphene is however masked by the larger push back effect,
hence the shift of the Dirac point is located 0.5 eV below the Fermi level,
corresponding to n-doping of the graphene layer.
The next step was to simulate the physisorbtion of F6TCNNQ on top of
graphene lying on Cu(111). Interestingly, an almost negligible shift in the
Dirac point is observed with respect to EF , ∆E = 0.05 eV, leaving the Dirac
point 0.45 eV below EF . I.e., the adsorption of F6TCNNQ on G/Cu only
slightly affects the doping level of the graphene sheet, which is quantified
as the energy difference between EF and ED.
The vacuum level shift in the case of graphene placed on Cu(111) is
much larger than for free-standing graphene, ∆Evac = 1.25 eV giving a total
∆Φ of 1.3 eV, supporting the experimental observations.
In order to quantify the origin and magnitude of the charge being ex-
changed between F6TCNNQ and G or G/Cu, the differential charge den-
sities (DCD) were derived and are presented in Fig. 5.28. In the case
of F6TCNNQ adsorbed on free standing graphene (G) Fig. 5.28a the CT
reaches the maximum value of -0.38 e (e is the elementary charge of one
electron) at the G/F6TCNNQ interface.
In the case of G/Cu (Fig. 5.28b,c,d) the charge density plots were com-
puted using two different charge partitioning schemes, in order to eluci-
date the charge transfer mechanism.
The first scheme considers the following fragments to compute the
DCD: (a) the Cu(111) and (b) graphene interacting with F6TCNNQ (GF6TCNNQ
in Fig. 5.28c). This DCD is reminiscent of Fig. 5.28a and Fig. 5.28b, i.e.,
push-back induced charge redistribution at the G/Cu interface and in-
creased electronic density on the molecular acceptor. The second scheme
considers: (a) graphene interacting with Cu (CuG in Fig. 5.28d) and (b)
F6TCNNQ. This partioning helps to ”mask” the push-back contributions
caused by the G/Cu interface, since the molecular acceptor on top does
not cause significant pillow effect. Thus, the contributions to the charge
density distributions are now dominated by the electron transfer to the
molecular layer rather than charge density redistributions due to the
push-back effect. Fig. 5.28d now clearly shows an increased charge den-
sity around graphene, that was not observable in Fig. 5.28c due to the
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Figure 5.28: Plane averaged differential charge density (DCD), ∆ρ (z) (green),
charge transfer amount ∆ Q(z) (orange), side view of the DCD isosurface for
F6TCNNQ adsorbed on (e(i)) graphene and (e(ii)) graphene-on-copper and e(iii)
represents a top view DCD isosurface for F6TCNNQ on graphene. The electron
accumulation and depletion regions in the DCD isosurface are indicated by red
and blue colour for negative and positive charge respectively. The amount of
charge transfer is indiccated in each plot. Parentheses indicated the subsystems
used for the DCDs. Short dashed lines indicate the copper layers, dashed lines
indicate the graphene layer and double dotted lines indicate the F6TCNNQ layer.
Calculations performed by A. Giannakopoulos (Uni. Mons).
dominance of the push-back effect. This increased charge density around
graphene is in line with n-doping of the graphene layer, manifested as the
lower energy of ED with respect to EF in the band diagram in Fig. 5.27d.
As a conclusion, the charge transfer occurs from the Cu vast electron
reservoir into the combined graphene/molecule system, with the ma-
jority of the charge being transferred into the molecular acceptor. This
CT then generates a potential difference across the graphene sheet being
sandwiched between the positive image charges in Cu and the negative
charges in F6TCNNQ. Consequently, this potential difference shifts the en-
ergy levels of graphene to lower BE. The experimentally observed 0.4 eV
shift in the C 1s for F6TCNNQ/G/Cu is due to this effect.
An additional important information extracted from the DCD plots is
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the amount of charge being transferred, crucial in explaining the difference
in the N 1s and F 1s core level emissions observed in XPS.
At first, the top view of the DCD isosurface for F6TCNNQ interacting
with free standing graphene, establishes that the major electron density is
localised around the CN groups. Secondly, the minimal electron density
around the F atoms explains the absence of any observable shift in the BE
of the F 1s core level emission in the XPS spectra.
The total amount of electrons being transferred predominantly in the
CN groups of the molecular acceptor in the case of G/F6TCNNQ is -0.38
e. This amount almost doubles to -0.61 e when graphene lies on Cu(111).
Under the assumption that the growth mode of the acceptor on G/Qu
and G/Cu is the same, which is evidenced by the UPS and XPS evolution
profiles, it is concluded that more molecules are charged when graphene is
supported by Cu than Qu. This comes in agreement with the observation
that in the N 1s core level spectra, 50% of the molecules are charged in the
first monolayer for G/Qu but ca. 100% are charged in the first monolayer
for G/Cu.
Figure 5.29: Schematic illustration showing the charge transfer occurring for
the case of (a) graphene-on-quartz and (b) graphene-on-copper. Electrons are
originating from graphene in the case of graphene-on-quartz and copper in the
case of graphene-on-copper. N (N’) represent the number of formed dipoles and µ
(µ′) the magnitude of the formed dipoles. The dipoles are represented red arrows.
This increased amount of CT, together with the fact that being with-
drawn from Cu, provide an explanation for the higher ∆Φ observed for
G/Cu (1.3 eV). In this case (a) the dipole formed between the negative
charge in the molecule and the image positive charge in the metal would
be greater, since the distance between the charges is larger (see Fig. 5.29b
and (b) the number of such dipoles is larger (see Fig. 5.29b) since more
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molecules get charged. When the transferred charge originates from
graphene, this dipole is lower since (a) the molecule-graphene distance is
lower and (b) less molecules get charged (see Fig. 5.29a. The calculated
values of the ∆Φ are in very good agreement with the experimental ones.
The ∆Φ in the case of standalone graphene is 1.05 eV, while for the case of
the metalic substrate is 1.27 eV.
Energy level alignment scheme
Figure 5.30: Energy level diagram for (a) free graphene (G) and free F6TCNNQ,
(b) F6TCNNQ/G/Qu interface, (c) F6TCNNQ/G/Cu interface. In (a), the elec-
tron affinity (E.A.) and the ionization energy (I.E.) are calculated for the gas phase
(free) molecule before contact with graphene. In (b) and (c), the energy positions
of the populated LUMO (L*) at EL∗ = 0.6 eV and of the relaxed HOMO (H*)
at EH = 1.35 eV are derived from the experimental data. Φ corresponds to the
work function, Evac the vacuum energy level, EF the Fermi level and ED is the
Dirac point of graphene. C.B. and V.B. are the conduction and valence band of
graphene. The values are experimentally obtained unless otherwise indicated
(theor.).
Fig. 5.30 shows a simplified valence energy level diagram before
and after the formation of the interface for the case of F6TCNNQ ph-
ysisorbed on G/ Cu and G/Qu. To position the frontier molecular levels
of F6TCNNQ the calculated DFT gas phase values of the ionization energy
(7.4 eV) and electron affinity (5.2eV) were used.
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In the G/Qu case, the measured initial work function of graphene is
4.5 eV (Fig. 5.30a). After contact, a shift in EF is observed, since doping of
the graphene sheet occurs, lowering EF by ∆EF ∼ 0.6 eV, as measured ex-
perimentally (the calculated shift is 0.45 eV). The remaining work function
increase results from an upward vacuum level shift due to the reorganiza-
tion of positive and negative charges giving rise to a dipole at the interface
between F6TCNNQ and graphene, with yields an additional shift of ∼ 0.4
eV (∼ 0.65 eV) as measured (calculated). The overall change in work func-
tion is ∆Φ= 1.0 eV (1.1 eV) from measurements (calculations).
In the G/Cu case, the measured (calculated) initial work function of
graphene lowers to 4.35 eV (4.15 eV) due to n-doping. The graphene
layer remains n-doped in the presence of the overlaid acceptors with ad-
ditional electronic density being transferred from the vast metal electron
reservoir through graphene. As a result, the Dirac point shifts marginally,
but the larger in amplitude and longer distance electron transfer from Cu
to F6TCNNQ is accompanied by a very large vacuum level shift that ac-
counts for more than 95 % of the total work function shift, ∆Φ=1.3eV from
both measurements and calculations.
5.3.5 Conclusion
In this chapter, a detailed insight into the interaction of graphene molec-
ularly modified by F6TCNNQ supported by insulating quartz versus
metallic copper was presented. A substantially large work function in-
crease of 1.0 eV was observed when the molecular acceptor F6TCNNQ
was deposited onto G/Qu. The work function increase was experimen-
tally and theoretically deconvoluted into two contributions: (a) surface
charge-transfer p-doping of graphene that gives ∆EF = 0.6 eV and (b)
dipole formation at the F6TCNNQ/G interface, resulting from the charge
reorganization that gives a further ∆Evac = 0.4 eV.
When the underlying substrate was G/Cu, the work function reached
a larger increase of 1.3eV. The transferred charged was theoretically con-
firmed to originate from the Cu substrate and the doping level of graphene
did not change and remained of n-type. In this case, a potential differ-
ence was built between the molecular acceptor and Cu that consequently
shifted the energy levels of graphene, sandwiched between the two. The
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potential difference is manifested experimentally as a shift in the C 1s core
level of G/Cu.
The charge transfer was experimentally confirmed by the lower BE N
1s emissions for both substrates.
The molecular acceptor F6TCNNQ offers another alternative for rais-
ing significantly the work function of graphene, which, in contrary to
HATCN (discussed in previous section), can readily saturate the work
function with only a low molecular coverage of θ ∼ 0.4 nm.
Thus, it provides a transparent electrode that is highly conducting,
since the graphenes sp2 network is only weakly perturbed after physisorp-
tion of F6TCNNQ. Furthermore, it provides a p-doped graphene layer
with a work function that matches the frontier energy levels of transport
materials commonly used in many (opto-)electronic devices. When, in-
stead, a Cu substrate is used, the work function is increased even fur-
ther (by 1.3eV), albeit the fact graphene is n-doped. Therefore, this n-
doped graphene, and generally any molecular-acceptor-modified n-type
graphene, can yet be employed for hole injection into (organic) semicon-
ductors in devices.
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5.4 Functionalisation of graphene with organometallics
A lot of effort has been dedicated in designing stable and efficient donor
molecules to be used as n-dopants and subsequently reduce the work
function of electrodes.
A very recent class of such molecules are dimeric organometallics (or
metallocenes). The monomeric form of these compounds consists of a
transition metal atom, that is bound via a five-fold coordination to two cy-
clopentadienyl rings, with further ligands attached around the cyclopen-
tadienyl ring [178]. These kind of monomers have been proved efficient
electron donors [178, 179] but their low molecular weight together with
their low ionisation energy introduce the disadvantage of high reactivity
in air and high volatility[180]. The dimeric forms of these compounds,
exhibiting twice the molecular weight have lower volatility and in addi-
tion, the formation of the dimers ”masks” the highly reactive monomers
[127, 129].
In this chapter, the dimers of: (a) ([RhCp*Cp]2) and (b) ([RuCp*mes]2)
[126–129] were employed in order to n-dope and in parallel decrease the
work function of G/Qu. In the following, the photoemission results of
the [RhCp*Cp]2 and [RuCp*mes]2 molecules adsorbed on G/Qu will be
shown.
5.4.1 [RhCp*Cp]2 on graphene-on-quartz
Valence electronic structure
Fig. 5.31 presents the evolution of the UPS spectra upon sequential sub-
limation of [RhCp*Cp]2 on G/Qu. Fig. 5.31a the SECO onset, that corre-
sponds to Φ decreases by 1.4 eV. Note that, this molecule did not give a
rate in the QCM, but only an increase in the base pressure in the prepara-
tion chamber, hence what is reported here will be the sublimation time t
in seconds. The saturation of Φ is achieved with a very small amount of
molecule deposited, t = 10 s; and after this deposition, the work function
saturates at Φ = 3 eV.
The large range UPS spectrum (Fig. 5.31b) shows three photoelectron
signals at BE = 2.5 eV (peak A) and BE = 4.4 eV (peak C). Between these
two peaks a shoulder, marked (B), is evident. According to a recent the-
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Figure 5.31: (a) SECO evolution and (b) Valence level evolution upon
[RhCp*Cp]2 deposition. (c) Zoom of UPS spectra near EF . The shaded parts
show the filled conduction band of graphene. The energy distribution around
the Dirac point is schematically illustrated for t = 0 s and 10 s, with t being the
sublimation time.
oretical study on the electronic structure of [RhCp*Cp]2 [181], the emis-
sion features assigned with A and B can be attributed to the HOMO and
HOMO-1 of the dimer, [RhCp*Cp]2. They consist predominantly of the d
orbital of rhodium hybridised with C-C bonding orbitals associated with
the central molecular bond, while feature marked C corresponds, again,
to the d orbital of rhodium, mixed with the cyclopentadienyl pi orbitals.
As will be shown later in the XPS spectra, a high amount of the adsorbed
molecular donor exists on the interface in its cationic form. Thus, these
molecular features are convoluted with the photoelectron emissions stem-
ming from the the cations. The intensity of these peaks remains approxi-
mately constant up to t = 200 s.
When zooming into the EF region in Fig. 5.31c, an additional emission
feature appears in close proximity to EF (shaded area), creating a dip in
the otherwise linear spectrum of graphene.
The assignment of this peak is already reported in ref. [128]. It is at-
tributed to the filled conduction band (C.B.) of graphene by donation of
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electrons from [RhCp*Cp]2 . This emission feature could be alternatively
attributed to molecular feature stemming from the positively charged
monomer, since the theoretical value of the IE of the cation is 2.7 eV, the
HOMO should theoretically be located at a BE near the EF . Since such
kind of emission close to the EF was not observed after deposition of this
donor molecule on a variety of substrates, e.g. Au(111), Ag(111), ITO,
PEDOT:PSS the attribution of this emission to a molecular feature can be
excluded (unpublished work).
The dip in the spectrum is attributed to the location of the Dirac point,
that is shifted by ∆E = 0.6 eV relative toEF upon deposition of [RhCp*Cp]2
(which is aligned with the electron analyser, at BE = 0 eV). The dip in
the emission intensity does not fall to zero, as one would expect, due to
experimental limitations in resolution.
As this feature is evidently an interface feature, one would expect that
it should disappear with longer sublimation times. The reason this does
not take place can be explained using the following argument: the mul-
tilayers are weakly physisorbed and desorb on a time scale of the order
of the transfer of the sample from the preparation chamber to the analysis
chamber with base pressure < 10−9. Moreover, the high concentration of
cations at the surface can result to a Coulombic repulsion of subsequently
deposited dimers, which can convert to their monomeric cationic form
during sublimation. In addition, prominent island growth of the molecule
on the graphene layer occurs, thus photoelectron signals stemming from
the interface are always present, despite the fact that the sublimation time
is increased. This reasoning is further supported by the following discus-
sion concerning the core level spectra.
Core level analysis
The core-level spectra upon deposition of [RhCp*Cp]2 are shown in
Fig. 5.32. After deconvolving the C 1s core level spectrum into the un-
derlying emissions, shown in Fig. 5.32a, a shift of the graphene-related
feature by ∼ 0.4 eV towards higher BE is evidenced, similar in magnitude
to the shift observed in the UPS spectra. The unambiguous determination
of the exact ∆E in C 1s core level spectrum is not possible, even after
the deconvolution of the spectrum, because the carbon emissions stem-
ming from the molecule are very close in BE to the carbon emissions from
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Figure 5.32: Evolution of (a) C 1s core level spectra with red lineshape showing
the emissions stemming from graphene and blue lineshape are molecular features
and (b) Si 2p XPS spectra upon deposition of [RhCp*Cp]2 on graphene-on-quartz
(G/Qu). The red line in C 1s core level spectrum is a guide to the eye, showing
the shift in energy upon the first deposition.
graphene. Still, the spectra clearly verify a rigid shift of all the energy
levels of graphene towards higher BE as a result of n-doping of graphene
that induces the shift of EF upwards with respect to ED.
The Si 2p core level, Fig. 5.32b, stemming from the supporting quartz
shows no energy shift, which evidences that the underlying quartz sub-
strate is not involved in the charge transfer process, as was also observed
in the case of HATCN and F6TCNNQ.
Upon increasing the nominal thickness of the adsorbate, the adsorbate-
related emissions in the C 1s core level emission region do not increase sig-
nificantly in intensity, confirming the instability of the multilayers and/or
the island growth of the molecule on the graphene layer. This is also con-
sistent with the low attenuation of graphene related C 1s core level emis-
sion and Si 2p core level from quartz.
Fig. 5.33 shows the Rh 3d core level emission region. The fitting was
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Figure 5.33: Evolution of Rh 3d emission upon deposition of [RhCp*Cp]2 on
graphene-on-quartz. The spectrum is deconvoluted to show the underlying emis-
sions stemming from different species of Rh present on the surface. The blue line-
shape corresponds to neutral Rh(I) and the green lineshape to positively charged
Rh(III). On the right, schematic illustrations showing the monomeric cation (top)
and the unreacted dimer (bottom) are drawn.
performed using a routine that preserves the intensity ratio and the en-
ergy difference between the Rh 3d3/2 and Rh 3d5/2 doublet. The Rh 3d5/2
feature, which has the higher intensity of the two can be fit by using two
Voigt profiles. The emission at BE = 309.8 eV (blue colour) is attributed
to neutral [RhCp*Cp]2 with the Rh atom having the oxidation number I,
marked as Rh(I) in the spectra and the emission at BE = 311.4 eV (green
colour) is attributed to the positively charged [RhCp*Cp]+ monomer, with
the Rh having the oxidation number III, marked as Rh(III) [128]. The neu-
tral species arises from molecules that remain unreacted on the surface of
the graphene layer or in multilayers, while the positively charged species
corresponds to the molecules that each donated an electron to graphene.
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Energy level alignment
The large decrease of the work function by ∆Φ = 1.4 eV can be sepa-
rated into two contributions, similar to the case of F6TCNNQ adsorbed on
graphene: (a) donation of electrons to the graphene layer that enter the CB
of graphene, causing the EF to shift upwards with respect to ED, giving
rise to the ∆EF = 0.6 eV and (b) ID formed at the interface due to the
formation of a (sub)monolayer that is partially populated with cations on
top of the n-doped graphene layer, shifting Evac and giving rise to ∆Evac
= 0.8 eV.
Figure 5.34: Work function shift (∆Φ) and shift of the Fermi level (EF ) with
respect to the Dirac point upon deposition of [RhCp*Cp]2 on graphene-on-quartz
(G/Qu). ∆EF shows the change of the work function due to the shift of the Fermi
level in the graphene layer due to the surface charge transfer doping of graphene
and ∆Evac shows the shift in the vacuum energy level, due to the formation of
the interface dipole.
The ∆Φ and ∆EF after incremental deposition of [RhCp*Cp]2 on G/Qu
are shown in Fig. 5.34.
The associated shifts of the energy levels of graphene that give rise to
the work function change are depicted in Fig. 5.35.
5.4.2 [RuCp*mes]2 on graphene-on-quartz
The ruthenium-containing dimer [RuCp*mes]2 has already been used to n-
dope C60, via a reaction where the molecule reacts with two C60 molecules,
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Figure 5.35: Energy level diagram of graphene-on-quartz (a) before and (b) after
adsorption of [RhCp*Cp]2.
converting to two cationic monomers [RuCp*mes]+ and forming two C60
anions. [130].
Valence electronic structure
Fig. 5.36 presents the UPS results upon sequential deposition of [RuCp*mes]2
on G/Qu. A sequential decrease of the SECO onset is observed Fig. 5.36a,
that translates to a work function decrease, ∆Φ = -1.2 eV. Two new emis-
sions are present near the EF , as shown in Fig. 5.36b), with peak maxima
at BE of 2.5 eV and 4.1 eV, that are attributed to emissions from the donor
molecule. These emissions appear already at θ = 0.2 nm and increase
in intensity up to θ = 1.6 nm. Taking a closer look at the low BE region
(Fig. 5.36c), a new emission with a very weak intensity arises near EF , in
a very similar manner as [RhCp*Cp]2. This feature disappears at higher
θ, directly evidencing the interface character of this emission, when also
taking into account that [RuCp*mes]2 has a better sticking coefficient than
[RhCp*Cp]2 and the multilayers are stable, as will be also shown in the
discussion of the core level spectra. The dip in the spectra at θ = 0.2 nm
and 0.5 nm corresponds to ED, that shifts away from EF by ∼ 0.6 eV.
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Figure 5.36: a) SECO evolution and b) valence band evolution upon
[RuCp*mes]2 deposition. c) Zoom at low binding energy region showing the oc-
cupied conduction band of graphene. The insets show the position of the Dirac
point ED with respect to EF .
Core level analysis
Fig. 5.37a) shows the evolution of the C 1s and Ru 3d core level spectra.
The Ru 3d3/2 state overlaps with the C 1s core level emissions. Follow-
ing a consistent fitting routine, the emissions are deconvolved by taking
a single Voigt function (red) for all the C 1s core level emissions arising
from the molecule and an asymmetric Voigt profile for the C 1s core level
of graphene, together with emissions coming from residual carbon resting
on the surface of the graphene sheet after annealing in UHV (depicted by
light grey). Fig. 5.37b) shows a zoom at the Ru 3d emission region. At θ
= 0.2 nm, two emissions are observed at the Ru 3d. The emission at at BE
= 282.2 eV is attributed to unreacted dimer on the surface, [Ru3d5/2]0. The
second peak, at a higher BE = 281.1 eV arises from the reacted dimer that
exists on the surface in a monomeric, cationic form, depicted by [Ru3d]+5/2
on the spectrum.
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Figure 5.37: Evolution of the C 1s - Ru 3d core level region. The spectra are fitted
in order to identify the underlying emissions.
Energy level alignment
As in the previous case, the large decrease of the work function by ∆Φ =
1.2 eV is decomposed into two contributions: ∆EF = 0.6 eV , due to surface
CT doping of the graphene sheet and ∆Evac = 0.6 eV, due the formation
of an interface dipole. The ∆Φ and ∆EF after incremental deposition of
[RuCp*mes]2 on G/Qu are shown in Fig. 5.38. The associated shifts of the
energy levels of graphene that give rise to the work function change are
depicted in Fig. 5.39.
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Figure 5.38: Work function shift (∆Φ) and shift of the Dirac point ED with re-
spect to the Fermi level EF upon deposition of [RuCp*mes]2 on graphene-on-
quartz (G/Qu). ∆EF shows the contribution to the work function decrease in-
duce by the band filling of the graphene by the surface-dopant and ∆Evac shows
the contribution of the vacuum level shift to the work function change, that is
induced by an interface dipole forming at the interface.
Figure 5.39: Energy level alignment diagram (a) before and (b) after contact be-
tween graphene-on-quartz (G/Qu) and [RuCp*mes]2.
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5.4.3 Conclusion
In this chapter it has been shown that [RhCp*Cp]2 and [RuCp*mes]2 act as
strong molecular donors when deposited on G/Qu.
A work function reduction of ∆Φ = 1.4 eV for the case of [RhCp*Cp]2
was observed. This decrease could be explicitly decomposed into a contri-
bution arising from n-type doping of the graphene sheet causing electrons
to fill the conduction band and giving rise to a shift in EF of 0.6 eV. The
remainder of the work function decrease stems from the ID that builds up
at the interface CT takes place. This ID translates into a downward shift of
Evac of 0.8 eV resulting to the final ∆Φ = 1.4 eV, i.e., a final Φ for G/Qu of
3 eV.
From the Rh 3d spectra, two features that correspond to two different
species of the donor molecule could be identified. A low BE, the emissions
due to neutral dimeric [RhCp*Cp]2 is evident and a higher BE emission
corresponding to cationic [RhCp*Cp]+. This clearly shows that indeed a
CT occurs at the interface.
Regarding the C 1s features, a ∆E of the similar magnitude and in the
same direction as the shift in the EF is observed, verifying the rigid shift
of the energy levels of graphene towards lower BE.
For the case of [RuCp*mes]2 on G/Qu similar results were obtained.
The work function reduction was ∆Φ=1.2 eV, decomposed to ∆EF = 0.6
eV and ∆Evac = 0.6 eV. In this case, the interface feature arising from the
filled conduction band of graphene vanished at multilayer coverages, con-
firming that multilayer formation was possible.
From the Ru emissions, two electronic states corresponding to [RuCp*mes]2
at lower BE and [RuCp*mes]+ at higher BE were observed, confirming the
CT occurring at the interface.
6 Summary and outlook
In this work, tailoring of the work function of graphene-on-quartz was
successfully accomplished by using air stable molecular acceptor and
donor materials to pre-cover the surface of graphene.
The interfaces formed between the studied COMs and graphene
were investigated with complementary experimental techniques in or-
der to study the electronic and structural properties of the COMs ad-
sorbed on the graphene layer. UPS was performed to investigate the
valence electronic structure and measure the work function induced by
the graphene/COM interface formation. With XPS, the chemical state of
the molecules was investigated, which was crucial in identifying the cases
where interfacial CT occurred, and allowed localising the transferred
charge in the molecules in these cases. Information on the film growth
modes was obtained by observing overlayer coverage dependent attenua-
tion of the photoelectron signals coming from the substrate. NEXAFS was
used in order to monitor the orientation of the COMs on the graphene
layer, allowing in some cases to correlate the work function change with
the structural properties of the organic film. The results were crucial in
identifying the interaction between the graphene layer and the adsorbed
COMs, providing significant insight into the electronic and structural
properties of the COM/graphene interfaces.
By using the molecular donors and acceptors, the work function of
G/Qu could be reduced down to Φ = 3 eV and increased up to Φ = 5.7 eV.
During the first experiments, which employed the strong molecular
acceptor HATCN, the work function of graphene was incrementally in-
creased by a value of ∆Φ = 1.2 eV, resulting in a final Φ = 5.7 eV for the
modified G/Qu. Applying a simple model, the work function change was
attributed to a CT occurring at the interface between HATCN and G/Qu,
resulting in an ID that shifts Evac upwards. This CT was manifested as an
additional emission peak at lower BE in the N 1s core level spectra, and
was attributed to a charge exchange between graphene and HATCN, as
was consistently predicted from the theoretical calculations. Two different
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orientations of HATCN were identified using NEXAFS providing an ex-
planation of the sublinear work function increase via a density-dependent
re-orientation of the molecules in the first monolayer. The potential to alter
the molecular orientation in the first monolayer in contact with graphene
by changing the molecular density can be crucial in the correct design of
device architectures. HATCN was also deposited on HOPG and G/Cu,
to investigate whether the ”push-back” phenomenon was observed in
graphitic surfaces. The occurrence of ”push-back” was not observable
with UPS for G/Qu, G/Cu and HOPG.
Deposition of the molecular acceptor F6TCNNQ resulted in the in-
cremental work function increase of ∆Φ = 1 eV (G/Qu) and ∆Φ = 1.3 eV
(G/Cu). The CT mechanism was identified by new emission features
in the valence level spectra close to the Fermi level, corresponding to
the (partially) populated LUMO of the charged molecule and its relaxed
HOMO. Further evidence of the CT occurring at the interface was mani-
fested in the N 1s core level spectra as a feature at a lower BE with respect
to the N 1s corresponding to neutral molecules. A difference was found
between G/Qu and G/Cu in terms of the amount of molecules that were
negatively charged. A higher amount of transferred electrons in the case
of G/Cu resulted in a higher amount of charged molecules present in the
first monolayer that was manifested as a higher work function increase.
Furthermore, with the aid of theoretical simulations involving band struc-
ture and DOS calculations, the significant work function increase of 1 eV in
the case of G/Qu could be identified as stemming from two contributions.
Due to the CT occurring at the interface, the graphene layer becomes ef-
fectively p-doped. This p-doping lowers the Fermi level with respect to
the Dirac point by 0.6 eV. Furthermore, the CT induced an interface dipole
between the molecule and graphene, that further increased the work func-
tion of the system by 0.4 eV. In the case of F6TCNNQ adsorbed on G/Cu,
the simulations showed that the transferred charge originated from the
Cu substrate and the doping level of graphene did not change and instead
remained n-type. NEXAFS was performed for the G/Qu substrate, show-
ing that the majority of molecules absorb flat-lying in the first monolayer,
independent of the molecular density.
Lastly, the molecular donors [RhCp*Cp]2 and [RuCp*mes]2 were used
to modify n-dope G/Qu. A significant work function decrease of ∆Φ =
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1.4 eV was observed in the case of [RhCp*Cp]2 and ∆Φ = 1.2 eV in the case
of [RuCp*mes]2. Using UPS and XPS, this effect was disentangled and as-
signed to (a) n-doping of the graphene layer, by electron donation from the
respective metal atoms to the graphene conduction band, that shifts the
Fermi level upwards with respect to the Dirac point and (b) an interface
dipole that additionally shifts the vacuum level, leading to the final work
function alterations. The mechanism leading to the electron donation was
explained by a cleavage of the stable dimer into monomers when coming
into contact with the graphene surface and the subsequent donation of
electrons that turned the monomers into cations. The ability to lower the
work function of graphene by as low as 1.4 eV, opens the possibility to use
graphene as a cathode, as to facilitate electron injection.
Since the cost of synthesis of high quality and large area graphene
sheets gets rapidly reduced due to lower manufacturing costs, it is ex-
pected that graphene will be increasingly used in electronic devices. Al-
ready in 2014 (IDTechEx report), various commercial applications were
announced and the graphene industry showed an expansion with numer-
ous investments. For the upcoming era of ”graphene electronics”, this
work provides a readily applicable method for tailoring the work function
of graphene in a non-covalent manner, by a suitable choice of molecular
acceptors/donors, as to facilitate charge injection at interfaces between or-
ganic/graphene interfaces and consequently improve the efficiency and
functionality of future graphene based organic (opto)electronic devices.
Abbreviations
This list contains all the abbreviations used in this work.
OLED Organic light emitting diode
CNT Carbon nanotube
OSC Organic semiconductor
OPVC Organic photovoltaic cell
COM Conjugate organic molecule
XPS X-ray photoelectron spectroscopy
UPS Ultraviolet photoelectron spectroscopy





UHV Ultra high vacuum
CT Charge transfer
ID Interface dipole
EF Fermi level energy
ED Dirac point energy
Φ Work function
Evac Vacuum level energy
CVD Chemical vapour deposition
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ρ(E) Density of states
GO Graphene oxide
rGO Reduced graphene oxide
IE Ionization energy
EA Electron affinity
HOMO Highest occupied molecular orbital
LUMO Lowest unoccupied molecular orbital
ELA Energy level alignment
EAgas Electron affinity of molecules in gas phase
IEgas Ionization energy of molecules in gas phase
IEcon Ionization energy of molecules in condensed phase
EAcon Electron affinity of molecules in condensed phase
EG,transport Transport gap
EG,gas Energy gap of molecules in gas phase
FET Field effect transistor
HIB Hole injection barrier
EIB Electron injection barrier
ETM Electron transport material
EIB Electron injection barrier
ETL Electron transport layer








∆E Energy level shift
∆EF Energy shift of the Fermi level
∆Evac Energy shift of the vacuum level
∆Φ Work function change
SAM Self assembled monolayer
ν Frequency
q Elementary charge
Φd Work function of electron analyser






CLR Core level region
VLR Valence level region
CNL Charge neutrality level




Vbias Potential applied between sample and analyser
Φlight Scalar potential of the incident electromagnetic radiation
A Vector potential of the incident electromagnetic radiation
Iext Total external emission current
I int(Ekin, hv,k)Internal photoelectron current
T (Ekin,k) Transport function
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X(Ekin,k) Escape function
p Momentum of electron
Isample Current generated in the sample during NEXAFS measure-
ment
Imesh Current generated in the mesh during NEXAFS measure-
ment
IAu Current generated in the Au foil during NEXAFS measure-
ment
Ekin|EF Kinetic energy of the Fermi level
Ekin|HOMOonset Kinetic energy of the HOMO onset
Ebound Bound electronic state
Mif Transition matrix element
EDC Energy distribution curve
w Transition probability
O Final state orbital vector
E Electric field
δ Angle between electric field direction and final state orbital
vector
DOS Density of states
DFT Density functional theory
α emission angle
QCM Quartz crystal microbalance
d Distance
Ψc Angle with respect to horizontal of the analysis chamber in
BEAR endstation
ΘM Incidence angle between incident light and sample surface
plane




σx Absorption cross section




Nin Nitrogens located in the outer part of the molecule
Nout Nitrogens located in the inner part of the molecule
Eads Adsorption energy
DCD Differential charge density
LDOS Local density of states
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A Appendix
NEXAFS normalisation and calibration procedure
For the NEXAFS data acquisition, the incident photon flux has an en-
ergy dependence due to non-uniform absorption and beamline optics
(monochromator, grating, mirror, filters). This means that the incident
photon flux on the sample, Isample(hν) should be divided by the incident
flux in order to clear the effects from the optics.
A gold mesh can be used to measure the incident flux, since gold has
no absorption edges in the C, N K-edge regions. In a measurement, the
sample data together with the incident flux on the mesh (Imesh(hν)) are





A complication is introduced if the mesh is contaminated by carbon or
nitrogen residues. As the mesh is hard to be removed from the experimen-
tal chamber,an additional clean gold sample is used simultaneously with
the mesh.
Figure A.1: Sample and clean Au data, together with their corresponding mesh
data.
To clear of the effect of any residual carbon/nitrogen, the following
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The eq. (A.2) contains t and t′ as a parameter, since the two measure-
ments were performed at different times, with probably different photon
flux. But, as it is shown, after the division, this cancels out.
Before data normalisation, calibration of the photon energy has to be
performed since the measurements were conducted at different times t
and t′. This is done by selecting a prominent feature in the mesh data of
the sample and the clean Au and align the spectra to that feature, as shown
in Fig. A.2.
Figure A.2: Prominent feature (valley) in the mesh spectra of the Au and the
sample, which can be used to calibrate the photon energy for the two data sets,
before data normalisation.
XPS spectra of bulk F6TCNNQ on SiO2
The molecular acceptor F6TCNNQ is a rather novel molecular acceptor not
studied intensively using XPS spectroscopy. To check the stability of the
molecule under X-ray irradiation and after sublimation of the molecule
in UHV, a bulk molecular film (90 nm) of F6TCNNQ was deposited on
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SiOx. The C 1s, N 1s and F 1s core level spectra are measured and fitted to
identify the underlying emissions.
Figure A.3: a) C 1s b) N 1s and c) F 1s core level spectra of bulk F6TCNNQ
deposited on SiO2.
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